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Abstract

Metal complexes that can exist in two different charge distributions often exhibit
dramatic color changes when switched between them. The underlying spectral
changes are fundamentally related to the switchable behavior. In valence tautomeric
(VT) systems, the transition is a stimulated, reversible intramolecular electron transfer
between a metal center and a ligand, while in so-called charge-transfer-induced spin
transition (CTIST) systems, also known as electron-transfer-coupled-spin-transition
(ETCST), the electron is transferred between two metal centers. We discuss, herein,
the relationships between the switchable behavior of these systems and two related
optical phenomena: charge transfer and solvatochromism. The insights gained from
analyzing these phenomena can illuminate important aspects of VT or CTIST
behavior, for example, the energetic relationship between the electromeric forms, or
the effects of molecular environment on a VT or CTIST thermal equilibrium. Such
insights may assist efforts to employ these compounds as molecular scale

components in data storage, sensor and display devices.
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Introduction

In recent years, switchable phenomena have become increasingly sought-after in molecular
materials. The ability to reversibly switch between two or more states, aside from being
fascinating from a fundamental chemistry perspective, is an important feature for practical
applications in sensing, displays, molecular electronics, and in particular, data storage.'
While the miniaturization of silicon-based components faces major obstacles -
superparamagnetism, quantum effects, and heat, for example*-® — switchable molecules offer
the potential to store data at the molecular scale, or serve as individual electronic or spintronic
components in a device. Meanwhile, the vivid color changes that often accompany the
transition between states lend these systems the potential for use as molecular scale

components in chromic-based sensors and displays.

In coordination chemistry, the richly variable and practically limitless store of
combinations of metals and ligands allows the tailoring of a molecule’s properties toward
various switchable behaviors; it is possible to switch a molecule’s architecture, magnetic
moment, spin state, and charge distribution.”1% This review is concerned with the last of
these categories.

If a redox-active metal is bound to a redox-active ligand, it may be possible to observe
two different charge distributions, as shown in Fig. 1. The process of reversibly switching
between one charge distribution and another via application of an external stimulus is known
as valence tautomerism (VT).1112 The interconversion corresponds to a transfer of charge
between metal and ligand. The language used here is suggestive — the process is related to
that which proceeds in a metal-to-ligand or ligand-to-metal charge transfer excitation.
Although there are many differences between VT and optical charge transfer, since the two
processes are concerned with the same two redox configurations (Fig. 1) it is possible to draw
relationships between them. Charge transfer excitations often exhibit strong, readily
observable bands in the UV-vis-NIR region, and so, analysis of a compound’s charge transfer

spectra can provide useful insight into its valence tautomeric behavior.1314
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Fig. 1 Valence tautomeric transitions and charge transfer excitations are two sides
of the same coin.

Compounds with prominent charge transfer spectra often exhibit solvent dependence of
the electronic spectrum, also known as solvatochromism.*>-18 While d-d and ligand-centered
transitions can manifest this phenomenon, it is more common for charge transfer transitions,
since these are often associated with a large reorganization energy and significant change in
dipole moment — both of these effects lend themselves to solvent dependence, for reasons

discussed below.19:20

Solvatochromism arises when the stabilization of the ground state relative to the excited
state differs between different solvents.?! The ground and excited states in a charge transfer
transition are redox isomers. Accordingly, the solvatochromism of charge transfer bands not
only reports on changes in the energy separation between ground and excited states, but
also, and equivalently, on changes in the energy separation between redox isomers, and
potentially, in some cases, on the position of a VT equilibrium.??22 Considerable theory has
been developed to treat solvatochromism in metal complexes; there are numerous
parameters that describe the various solvent-solute interactions that may contribute to
solvatochromism.2%24-27 We will demonstrate below the use of solvatochromic theory to

interpret solvent effects on VT equilibria.

The first section of this review discusses the theories of optical charge transfer and
solvatochromism, and their relationship to redox-switchable molecules, first connecting VT
with charge transfer, then connecting charge transfer with solvatochromism. The second

section expands on the connections between VT and charge transfer. We survey the



response of charge transfer spectra to ligand tuning and other effects, and its implications for
redox isomerism, a category which, aside from VT, additionally includes charge-transfer-
induced spin transition (CTIST), also known as electron-transfer-coupled spin transition
(ETCST), a closely related phenomenon involving charge transfer between two metal centers.

The latter part of this review addresses solvatochromism, beginning with a discussion of
the solvatochromic behavior of some non-valence tautomeric complexes. These examples
illustrate some of the varying solvent-solute interactions that can cause solvatochromism, as
well as the rich variety of solvatochromic behaviors exhibited by cobalt complexes. In general,
throughout the review, we concentrate mainly on cobalt complexes, due to this metal’s
numerous advantages in switchability applications. Our focus then moves to complexes
exhibiting both VT and solvatochromism. In certain cases, the position of a VT equilibrium
can be manipulated by choice of solvent. While it is well known that changes in the molecular
environment in the crystalline phase can have significant ramifications for VT behavior,?-30
environmental effects on VT in solution have not been discussed in detail. Accordingly,
understanding the solvent-solute interactions that underlie this behavior is of key importance.
We then present a survey of solvent dependent VT, using solvatochromic arguments
developed in the theory section to suggest various explanations for the effects of solvent on

the position of VT equilibria.

Due to the dramatic color responses that solvatochromic compounds sometimes exhibit,
they have the potential for applications as sensors and indicators.?%3! The sensing behaviors

of a few solvatochromic cobalt compounds are briefly discussed.

Theories of charge transfer and solvatochromism from the perspective of
switchable molecules

Charge transfer is one of the most fundamental phenomena in all of chemistry, underpinning
a variety of light driven processes from such wide-ranging areas as photosynthesis,
photocatalysis, and photovoltaics.3?-3* In the majority of cases, the transition between ground
D-A (D = donor, A = acceptor) and excited D*-A- states is mediated by light absorption.
Marcus theory (Fig. 2) relates the optical excitation energy (Eop) to the reorganizational energy
(4) and the energy difference between the lowest vibrational levels of the ground and excited

states (AGo) via

E,p = AGy + 2, (1)



where / can alternatively be expressed as the sum of the vibrational (4v) and solvent (/o)

reorganizational energies.®

Local excited state
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Fig. 2 The relationship between charge transfer parameters for a general donor-acceptor
pair.'® Eop is the energy of the optical excitation energy, / is the reorganizational energy, Hao
is the electronic coupling parameter, AG* is the activation energy, and AGo is the zero-level
energy difference between ground and excited states. The potential energy surfaces are
described by equations that may be found in Ref. %,

At low temperatures, the photoinduced D*-A- excited state can, in certain cases, be long-
lived.30:36 For example, irradiation at low temperatures of the LMCT bands of some cobalt-
catecholate systems results in evolution to metastable D*-A- states, which can have
relaxation times, 1, on the order of 10° or 10° s.2%37 This effect is generally known as light-
induced excited spin-state trapping (LIESST), and in VT systems can more specifically be
called light induced VT (LIVT). It can also be observed closer to room temperature in solution
via transient absorption spectroscopy, albeit with drastically reduced relaxation times.® The
utility of such studies in elucidating mechanistic details of the optically induced VT process
will be expanded upon in the next section. The LIESST effect is also observed in many Co-
Fe Prussian blue analogues,3%4° with one such example exhibiting a relaxation time, at 120

K, of about 10 years.**

Alternatively, there are cases where the transition between D-A and D*-A- states is

thermally driven. In metal-ligand D-A systems, this is also known as thermally-induced VT.1!



The archetypal VT complex [Co(diox)2(bipy)]* (diox = 3,5-di-tert-butyl-dioxolene, bipy = 2,2'-
bipyridine) is present as the low spin cobalt(l1l) catecholate (LS-Co'"'-cat) tautomer (effectively
the D-A state) at low temperatures, whereas at high temperatures it is present as the high
spin cobalt(ll) semiquinonate (HS-Co'-sq) tautomer (effectively the D*-A- state).*?> The
transition is entropically driven. The higher entropy of the HS-Co'-sq tautomer, arising from
longer metal-ligand bond lengths and an increased spin degeneracy compared to the LS-
Co'-cat form, is responsible for the thermodynamic preference of the system to adopt a
semiquinonate-Co" redox configuration at high temperatures. Within a two-state model,
thermally induced VT constitutes a temperature dependent reversal of the energies of the D-
A and D*-A- states, so that the D*-A- state is thermodynamically preferred at high
temperatures (Fig. 1, left). For cobalt VT systems, the situation is more complicated. The high
temperature tautomer is not the same as the D*-A~ excited state, due to a spin state change
at the metal center that accompanies the thermal transition.!® The exact nature of the D*-A-

excited state can be probed with transient spectroscopy..

Valence tautomerism is only one possibility amongst a variety of behaviors that may
be exhibited by a D-A pair. While in VT systems, the charge distribution in an individual
molecule can be unambiguously assigned, for a general D-A pair, there are two limiting cases:
one involving fully localized redox states, and the other involved fully delocalized redox states.
The variety of behaviors exhibited within this continuum is illustrated in Fig. 3. In the upper
row (a, b, and c) are compounds wherein the donor and acceptor units are the same element
— these constitute examples of mixed-valency under Robin and Day'’s original classification.*?
Class Il mixed-valence compounds exhibit charge localization (a), Class Ill mixed-valence
compounds exhibit charge delocalization (c), and Class II-1ll mixed-valency is an intermediate
case (b).* In contrast, the compounds in the lower row (e, f, and g) are not mixed-valent
compounds under Robin and Day’s original classification; the donor and acceptor units are
not the same element. In each, the donor unit is a metal, but in (e) and (f), the acceptor unit
is a ligand, and in (g), the acceptor unit is a different metal.#24546 However, since they lie on
the redox localized side of the continuum, the interaction between donor and acceptor units

in these systems can be likened to Class Il mixed-valency.
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Fig. 3 Varying behaviors exhibited by donor-acceptor pairs in inorganic complexes. Prussian
blue (a) is a class Il mixed-valence compound with distinct Fe''/Fe'' and Fe'/Fe'" states.*” This
is in contrast to the «class Il mixed-valent 1D Pt chain {[Pt2(bipy)2(p-
pivalamidate)z][Pt(oxalate)2]}* (c), in which one positive charge per three Pt" ions is equally
distributed among them.*® The Creutz-Taube ion (b) is an intermediate case (class II-111).49:50
Within the class of localized valences it is possible to observe conventional charge transfer
behavior, as in [Ru(bipy)s]?* (e); valence tautomerism, as in [Co(diox)z2(bipy)]* (f); or CTIST, as
in  {[Fe(Tp)(CN)s][Co(L)]}* (Tp = hydrotris(pyrazol-1-yl)borate, L = 2,6-bis(1,1-bis(2-
pyridyl)ethyl)pyridine) (g).4%4546

Delocalization of charge occurs when the activation energy AG* is low enough that the
D*-A- state can be intermixed with the D-A state. Small values of the electronic coupling

parameter, Hap, lead the system to a double well potential (Fig. 2), within which the D-A and



D*-A- states carry distinct identities, whereas large values of Hab contribute to a mixing of the
two states and increased delocalization of charge. In both cases, charge transfer bands are
frequently observed in the optical spectra. These bands have been studied extensively in
mixed-valence systems, in which the excitation is more commonly labelled using the term
intervalence charge transfer (IVCT).#45152 Hence, in the following, we focus on cases
involving different donor and acceptor units, namely, charge transfer between a metal and a
ligand — metal-to-ligand (MLCT) or ligand-to-metal charge transfer (LMCT) — or between two

different metals — metal-to-metal charge transfer (MMCT).

One of the hallmarks of a charge transfer transition is the phenomenon of
solvatochromism — the solvent dependence of a compound’s electronic spectrum.?t53
Although not all solvatochromic transitions are charge transfer transitions, and not all charge
transfer transitions are solvatochromic,® charge transfer transitions are, by their nature,
particularly susceptible to solvent dependence. Due to the large change in dipole moment
that can often accompany charge transfer, the ground and excited states may be stabilized
to different extents by the dielectric properties of the solvent, causing 1o and therefore Eop to
vary between solvents. If Eop is in the visible region, this behavior is phenomenologically

observed as a change in color between different solvents.

Alternatively, solvatochromism can be caused by an equilibrium between two different
species, where the ground state in fact changes between solvents, such as in the complexes
[Co(Mestpa)(Bradiox)]* (Mestpa =  tris(6-methyl-2-pyridylmethyl)amine, Bradiox =
tetrabromodioxolene) and [Fe'(L)]?* (L = N,N*-bis[(1,10-phenanthroline-2-yl)methyl]-cis-
cyclohexane-1,2-diamine).?*5* These two examples represent solvatochromism arising from
solvent effects on, in the first case, a VT equilibrium, and in the second case, a SCO
equilibrium. Solvent dependent VT equilibria will be discussed in detail further on. Since there
are only a handful of detailed studies on solvent dependent SCO equilibria, this class of

systems is not further discussed.>>-8

We will first focus on solvatochromism arising from a change in excitation energy rather
than a change in ground state. Fundamentally, this is caused by a solvent dependent variation
in the stabilization of the ground state relative to the excited state. In most situations, this
effect can be understood in terms of solvent polarity.?! If the ground state has a larger dipole
moment than the excited state, increasing the solvent polarity will result in a greater
stabilization of the ground state compared to the excited state. Hence, the excitation energy
will increase with solvent polarity. The MLCT transitions of the complex [Ru'(4,4-COOH-2,2'-

bipyridine)2(NCS)z] exhibit such behavior, consistent with calculated ground and excited state



dipoles (in ethanol) of 19.81 and 9.56 D (1 D = 3.34 x 1030 C-m), respectively.>® This is
termed negative solvatochromism, while the opposite situation (a larger dipole moment in the
excited state leading to a decrease in the excitation energy with increasing solvent polarity)

is termed positive solvatochromism.

Within the context of inorganic molecules, the dipole rationalization for solvatochromism
is very useful, due to the large changes in permanent dipole moment often associated with
MLCT and LMCT transitions. In simple systems, such as in a series of tungsten(0)
compounds [W(CO)s(L)] (L = various N-heteroaromatic ligands), dipole arguments can be
applied on a qualitative basis.®® The metal-ligand bond in the ground state is polarized as
shown in Fig. 4a, due to the dominant o donation from the ligand. Depending on the amount
of electron density transferred as a result of the transition, the excited state can either have a
smaller dipole (i to iii), an equal and opposite dipole (iv), or a larger dipole (v) compared to
that in the ground state. Hence, as the acceptor strength of L increases, negative
solvatochromism is initially observed, increasing to a maximum magnitude (ii), then
decreasing (iii), before reaching zero (iv), with positive solvatochromic behavior observed
only if L is an exceptionally strong acceptor.®® The latter case is rare, but has been observed

in a handful of cases, for example, in certain zerovalent molybdenum carbonyl complexes.61.62
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Fig. 4 Anillustration of the dipole argument for rationalizing varying solvatochromic behaviors

in [W(CO)s(L)].%°




As outlined above, dipole arguments can provide a satisfactory explanation for the
behavior of many solvatochromic complexes. However, there are also many cases where
solvatochromism results not from the interactions between the molecular dipole and the

solvent dielectric, but from other solvent-solute interactions, such as hydrogen bonding.%3

To quantify solvatochromic behavior more generally it becomes necessary to also
guantify solvent polarity and other solvent characteristics. Though physical constants such as
the static dielectric constant (&) and the refractive index (n) are sufficient in some cases,'”64
excitation energies are most often plotted against an empirical parameter or functions thereof.
Among the wide range of solvatochromic parameters are the Kamlet-Taft a- and -
parameters (which respectively measure hydrogen-bond donor and acceptor strength),?®
Gutmann’s solvent donor and acceptor numbers (which respectively measure Lewis basicity
and acidity),?* and the Reichardt Et(30) parameter (which is derived from the energy of the
solvatochromic 1r-11* transition in the organic dye 2,6-diphenyl-4-(2,4,6-triphenylpyridin-1-
ium-1-yl)phenolate).?* The most appropriate choice depends on the particular system, due to
changes in the specific solvent-solute interactions from compound to compound. The E1(30)
parameter, for example, exhibits an excellent linear correlation with the MLCT band energies
across a range of complexes [M(CO)a(L)] (M = Cr, Mo, or W; L = 2,2-bipyridine, 1,10-
phenanthroline, 1,4-diazabutadiene, or substituted derivatives).®

Implications of charge transfer transitions for redox isomerism

In the following section, we expand on the connections between optical charge transfer and
redox isomerism, focusing on complexes that exhibit redox isomerism, or those for which a
redox isomeric transition may be theoretically envisaged. The latter category constitutes
systems in which both donor and acceptor units are redox-active, with the oxidation of the
donor and the reduction of the acceptor being each individually chemically reversible. A
summary of these complexes is presented in Table 1, and their structures are illustrated in
Fig. 5. We will discuss the response of their charge transfer spectra to ligand tuning or

temperature variation, and the implications of these behaviors for redox isomerism.



Table 1 Energies of charge transfer transitions in selected complexes. When multiple charge
transfer transitions are reported, only the lowest energy transition reported is listed. The
structures are shown in Fig. 5.

Compound? Number {\rl::;rigoc:b Solvent Eop (cm?) ilzgﬂ]oexrism Ref.
[Fc-Li-Ru(hfac)(P(i-Pr)s)2(CO)]* 1 IET DCE /0.1 M BusNPFs 6,579 No 53
[Fc-Li-Ru(acac)(P(i-Pr)3)2(CO)J* 2 IET DCE /0.1 M BusNPFs 5,126 Yes 53
[(CN)sFe!(CN)Ru'(edta)]>- 3 MMCT Water 10,638 No 65
[Fc-CH2=CH2-PTM] 4 IET n-hexane 11,223 Yes 19
[MesFc-CH2=CH2-PTM] 5 IET n-hexane ~7,700 Yes 66
[Co"l(cth)(Clscat)] 6 LMCT MeCN 14,793 No 13
[Co'(pbga)(t-Buzsq)]* 7 MLCT MeCN 17,391 Yes 67
[{Co(tpa)}2(Braspiro)]?* 8 LMCT MeCN 14,387 No 14
[{Co(Meztpa)}2(Braspiro))?* 9 LMCT MeCN 12,361 Yes 14
[Co(LoMeMe),]3+ 10 LMCT MeCN 11,628  No 68
[Co(L2OMeMe),]3+ 11 LMCT MeCN 10,695  Yes 68
[Co(LsVe)]3+ 12 LMCT MeCN 13,106  No 69
[Co(LsOMe),]3+ 13 LMCT MeCN 11,751  No 69
[Co(t-Bu-salen)(OH2)]* 14 LMCT DCM 9,434 No 70
[Co(MeO-salen)(OH2)]* 15 LMCT DCM 8,197 No 70
{l(pzTp)Fe'"a(CN)12[Co"(TpEOH)]a}* 16 MMCT MeCN 19,608 Yes 4
{[(Tp*)(NC)Fe""2(CN)4[C0o'(t-Bu-bipy)]2}>+ 17 MMCT MeCN 17,857 Yes 1

@ Abbreviations (in order mentioned): Fc = ferrocenyl, L, = -CsHs-CH=CH-, hfac™ = hexafluoroacetylacetonato,

DCE = 1,2-dichloroethane, acac~ = acetylacetonato, edta* = ethylenediaminetetraacetate, PTM =
perchlorotriphenylmethyl, cth = 5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane, Clscat®> =
tetrachlorocatecholate, pbga = (2-pyridylmethyl)bis(2-quinolylmethyl)amine, t-Bu,sq- =  3,5-tert-

butylsemiquinonate, tpa = tris(2-pyridylmethyl)amine, BrasspiroHs = 3,3,3',3'-tetramethyl-1,1"-spirobi(indan)-
4,4'7,7-tetrabromo-5,5',6,6'-tetraol, Mestpa = bis(6-methyl-2-pyridylmethyl)(2-pyridylmethyl)amine, L,R?R = N-
(4-R-phenyl)-N-(4-R-phenyl)-6-(1,10-phenanthrolin-2-yl)pyridine-2-amine, L3R = N,N-bis(4-R-phenyl)-4'-phenyl-
[2,2":6',2"-terpyridine]-6-amine, R-salen = N,N*-bis(3-tert-butyl-5-R-salicylidene)-1,2-cyclohexanediamine,
pzTp~ = tetra(pyrazol-1-yl)borate, TpEOH = 2,2 2-tris(pyrazol-1-yl)ethanol, Tp* = hydrotris(3,5-dimethylpyrazol-
1-yl)borate, t-Bu-bipy = 4,4'-di-tert-butyl-2,2'-bipyridine.

b Intramolecular electron transfer (IET).
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Fig. 5 Structures of complexes in Table 1.

The complexes [Fc-Li-Ru(hfac)(P(i-Pr)s3)2(CO)]* (1; Fc = ferrocenyl, L1 = -CeHas-
CH=CH-, hfac™ = hexafluoroacetylacetonato) and [Fc-Li-Ru(acac)(P(i-Pr)3)2(CO)]* (2; acac™



= acetylacetonato) can potentially exist as two possible redox isomers — one with the positive
charge on the ferrocenyl unit, represented as Fc*-Li-{Ru} [{Ru} = Ru(acac)(P(i-Pr)s3)2(CO)],
and the other with the positive charge delocalized over the styrylruthenium unit, represented
as Fc-[L1-{Ru}]*.%2 For 1, the highly electron withdrawing hfac™ ligand causes the Fc-[L1-{Ru}]*
tautomer to be much higher in energy than the Fc*-Li-{Ru} tautomer, so that only the latter is
present. Replacing hfac™ with the more electron donating acac™ ligand to give 2 lowers the
energy of the Fc-[Li1-{Ru}]* tautomer enough that both redox isomers are present at room
temperature, as evidenced by the splitting of the Ru(CO) infrared signal.

The shift of a near-IR band in moving from 1 to 2 gives an indication of this energy
lowering. Since the band is assigned to an intramolecular electron transfer (IET) from the
styrylruthenium unit to the ferrocenyl unit, the excited state of the transition is the same as
the Fc-[L1-{Ru}]* redox isomer. For 1, the band appears at 6,579 cm, while for 2, it appears
at 5,126 cm, indicating that replacing hfac~ with acac™ lowers the energy difference between
redox isomers by 1,453 cm™. Interestingly, using the positions of the first and second
oxidations of the neutral complexes to estimate the same value gives a similar result — for 1,
AE12 is 452 mV while in 2 it is 280 mV, giving an energy lowering of 172 mV or 1,387 cm™.
Noting that AGo = AE12, these data indicate that in this system, ligand tuning has a minimal
effect on 1 [see eqgn (1)]. In such systems, therefore, changes in Eop may be used to directly

infer changes in AGao.

The presence of a mixture of both redox isomers in solutions of 2 is a reflection of the
relatively low energy of the styrylruthenium-to-ferrocenyl charge transfer. In comparison, the
complex [(CN)sFe'(CN)Ru"'(edta)]>~ (3; edta* = ethylenediaminetetraacetate), which also
features iron and ruthenium centers, exhibits a much larger metal-to-metal charge transfer
energy of 10,638 cm™. Accordingly, no redox isomeric equilibrium is observed.%®
Nevertheless, the thermochromism exhibited by 3, characterized by thermally induced
spectral changes, enables monitoring of the energy difference between Fe'-Ru" and Fe''-
Ru'" states. The linear dependence of Eop with temperature, with a gradient of -5 cm™* K71,
indicates that the energy difference between the two redox isomers decreases with increasing
temperature — in other words, the Fe"'-Ru'" state is entropically favored. When the same trend
is probed via electrochemistry, a very similar value of -6 cm™ K is obtained, demonstrating
again that in such complexes as 1 to 3, Eop and AE1y2 move in parallel. For the related
compound [(CN)sFe'(CN)Ru"(NHz)s]- the same parallelism between Eop and AEuw2 is
observed, albeit with a larger temperature dependence of -13.5 cm™ K1, However, even at



high temperatures, the energy gap between the redox isomers remains too large to observe

any equilibrium between them.”?

Like 1 and 2, the complexes [Fc-CH2=CH2-PTM] (4; PTM = perchlorotriphenylmethyl)
and [MesFc-CH2=CH2-PTM] (5) feature redox-active ferrocenyl units. Both exhibit
intramolecular electron transfer (IET) bands in the near-IR region corresponding to charge
transfer between the ferrocenyl donor unit and the perchlorotriphenylmethyl (PTM) acceptor
unit. With a relatively high IET energy of 11,223 cm™ (n-hexane), 4 is present purely in the
neutral Fc-PTM state at room temperatue.® Methylation of the ferrocenyl unit to give 5 causes
a lowering of the IET energy to around 7,700 cm™ (n-hexane), corresponding to a decrease
in the energy separation of the Fc-PTM ground and Fc*-PTM- excited states — which are also
redox isomers. It is this decrease that gives rise to switchable behavior in 5, which exhibits
solvent induced VT — the Fc-PTM form is favored in non-polar solvents, and the Fc*-PTM~
form in polar solvents. This effect can be interpreted as an extremely strong positive
solvatochromism, whereby the Fc*-PTM- state is stabilized in polar solvents to such an extent
that it becomes the ground state. In the crystalline phase, Méssbauer spectra at 295 K and
85 K reveal a thermally induced partial VT transition, revealing a Fe'/Fe'! ratio of 88:12 at 85
K moving to 32:68 at 295 K.

The observation of VT behavior in both solution and crystalline phases, as observed
in 5, is not always guaranteed — in fact, there are numerous examples of VT observed in
solution but not in the solid state, and vice versa.*>"3-’> The temperature range over which a
solid state VT transition is observed may be inaccessible in solvent, and additionally, the
solvent-solute interactions may be very different to the intermolecular interactions in the
crystalline phase. For example, despite the lack of VT in solution samples of 4, the species
displays thermally induced VT in crystalline samples, as demonstrated by Mdssbauer

spectroscopy.’®

Nevertheless, the solution-state charge transfer behavior of a donor-acceptor system
can be used to predict switchable behavior in the crystalline phase. One treatment that
achieves this uses a mean field Hamiltonian to model a crystal of donor-acceptor molecules.”’
The Hamiltonian incorporates the molecular parameters t (the hybridization energy mixing
the D-A and D*-A- states) and z (where 2z is the energy gap between D-A and D*-A- states),
as well as a parameter pertaining to the crystal, the Madelung energy, M. It was proposed
that for switchability, the relationship z = -2M must be satisfied, and in addition, for bistability,

the relationship z/t > 1 must also be satisfied. Bistability is a stronger claim than switchability,



requiring, in addition to two accessible states, the ability of the material to be found in both of

these states under the same external conditions.%¢

In a study on 5, M was calculated with quantum chemical calculations, while the
molecular parameters z and t were taken from the results of modelling the solution-state IET
band.®® The values obtained for the parameters were consistent with bistability in the
crystalline phase. Similar work on 4 also gave values consistent with crystalline bistability,
demonstrating the potential of the methodology to screen for bistability in the crystalline phase
of neutral donor-acceptor molecules using charge transfer data from the solution phase.”®

The remainder of the complexes listed in Table 1 feature cobalt centers. Cobalt is an
attractive metal for use in switchable inorganic molecules due to the accessibility of both the
di- and trivalent oxidation states, as well as the large entropy difference between low-spin
Co'" and high-spin Co', which can facilitate thermal control of the system. For cobalt VT
systems, the two-state donor-acceptor model gives an incomplete description of the charge
transfer behavior. Studies on the complex [Co"(cth)(Clscat)]* (6; cth = 5,7,7,12,14,14-
hexamethyl-1,4,8,11-tetraazacyclotetradecane, Clscat>~ = tetrachlorocatecholate) have
illustrated this. Ligand-to-metal charge transfer bands in the UV-vis spectrum were assigned
based on their shift to lower energies upon replacement of tetrachlorocatecholate with 3,5-di-
tert-butylcatecholate.'® The study poses the question of whether the energies of these bands
can be used to estimate AGo. In this case, AGo is given by the difference in redox potentials
of the Co'-cat/Co'-cat and Co'"-sq/Co'-cat couples, where the former is determined
experimentally and the latter is assumed to be the same as the redox potential of the Ni'-
sg/Ni"-cat couple. This gives a value of 4,033 cm, dramatically lower than the energy of the
LMCT band, 14,518 cm™. Given eqn (1), this disparity is to be expected, since the LMCT
excitation incorporates the additional energies of solvent reorganization as well as vibrational
reorganization (see Fig. 2), which are particularly large in cobalt VT systems due to the
significant difference in geometry between the two tautomers, with cobalt-ligand bond lengths
changing by up to 0.2 A.7 In addition, the authors note a third cause for the disparity — while
the electrochemical transition results in a HS-Co(ll) species, the authors assign the LMCT
transition as 3bi(catecholate) — eg(Co), which would result not in a HS-Co(ll) species but in
a LS-Co(ll) excited state.

A number of studies have attempted to spectroscopically assign the identity of the LMCT
excited state in similar systems. Femtosecond resolved X-ray absorption near-edge structure

(XANES) spectroscopy was used to show that LMCT excitation of a LS-Co"' complex



generates a LS-Co' state, which proceeds, via intersystem crossing in 67 fs, to a HS-Co"
state that then relaxes via two pathways back to the ground state.®® Likewise, transient IR
spectroscopy was used to show that excitation of a certain LS-Co''-cat complex at 810 nm
generates an initial LMCT* state, which relaxes in under 200 fs to a metastable HS-Co'"-sq
state.®! Although the authors were unable to assign the LMCT* state as a LS-Co'-sq species,
the results, as in the previous example, indicate a two-step relaxation mechanism. Various
electron paramagnetic resonance (EPR) studies on the LMCT excited states of similar
systems are also consistent with two-step relaxation mechanisms.8283 In contrast, a density
functional theory (DFT) study suggested that the thermal transition in the original
[Co(diox)2(bipy)]* VT compound occurs via a one-step mechanism, based on the calculated
locations of the minimum energy crossing points (MECPSs) on the potential energy surfaces
of the system.84 Altogether, these analyses point to there being fundamental differences
between the mechanisms of optically and thermally induced VT in cobalt VT systems. As a
result, the relationship between Eop and AGo is less direct than in more conventional donor-
acceptor systems, namely, those for which the transition does not involve a spin-state change.

In the case of 6, this results in a large disparity between the values of Eop and AGo.

Nevertheless, changes in Eop resulting from tuning the system or its environment may
still give qualitative indications of interesting redox behavior. In the simplest cases, charge
transfer bands can act as spectroscopic markers for a certain redox isomer. For example, the
575 nm MLCT band in [Co'(pbga)(t-Buzsq)]* (7; pbga = (2-pyridylmethyl)bis(2-
qguinolylmethyl)amine, t-Buzsq~ = 3,5-tert-butylsemiquinonate) indicates the presence of the
HS-Co'-sqg tautomer, and its disappearance upon cooling is consistent with a transition to the

LS-Co"-cat tautomer.5’

In more complicated cases, the trends in the energies of charge transfer bands in cobalt
systems can still be related to trends in the relative stabilities of valence tautomers, similarly
to the treatments of charge transfer spectra for complexes 1 to 5 above. The LMCT energies
in toluene solution of a series of complexes [Co(L)(3,6-t-Buzdiox)2] (L = a range of bidentate
N donor ligands, 3,6-t-Buzdiox = 3,6-di-tert-butyldioxolene) acts as a general guide for the
position of the VT equilibrium at room temperature.®® If the LMCT energy is greater than 4100
cm?, then the separation between HS-Co'-sq and LS-Co''-cat tautomers is large enough that
the LS-Co"'-cat form is favored. On the other hand, of the complexes which favor the HS-Co'-
sq form at room temperature, those for which the LS-Co'-cat tautomer is accessible via

cooling all exhibit LMCT energies less than 4100 cm™.



A similar trend can be observed for the complexes [{Co(tpa)}2(Braspiro)]?* (8; tpa = tris(2-
pyridylmethyl)amine, BraspiroHs = 3,3,3',3'-tetramethyl-1,1'-spirobi(indan)-4,4',7,7'-
tetrabromo-5,5',6,6'"-tetraol) and [{Co(Meztpa)}2(Braspiro)]?* (9; Meatpa = bis(6-methyl-2-
pyridylmethyl)(2-pyridylmethyl)amine), which are both in LS-Co'"-cat charge distributions at
room temperature.** The shift of the LMCT energy from 14,837 cm™*in 8 to 12,361 cm™ in 9,
indicating a reduction in the energy gap between the LS-Co'"'-cat ground state and HS-Co'-
sq excited state, foreshadows a lack of a VT transition in 8 but the observation of one in solid
samples of 9. The transition, however, is incomplete up to 360 K.

The first oxidation of precursor complexes [Co(L2RR)2]?* (L2RR" = N-(4-R-phenyl)-N-(4-
R"-phenyl)-6-(1,10-phenanthrolin-2-yl)pyridine-2-amine) may be centered either on the cobalt
center or on the triarylamine (Tara) unit, depending on the R group chosen, and hence, the
oxidized complexes [Co(L2MeMe),]3* (10) and [Co(L2°MeMe),]3+ (11) bear the potential to exhibit
an equilibrium between Co'"-Tara and Co'-Tara* redox isomers. In both of these cases, LMCT
(Tara — Co"") absorptions observed in the near-IR spectra in MeCN solution (the broad bands
from 9,000 to 15,000 cm™ in Fig. 6) are indicative of a Co'"-Tara redox isomer. Interestingly,
Gaussian profile fitting reveals that the LMCT bands are split into two components, perhaps
due to a Jahn-Teller distortion, or, alternatively, to a lifting of the doublet degeneracy of the
(t29)8(eg)* excited state by the asymmetry of the [Co'(Tara)(Tara*)] redox isomer.

Replacing one of the methyl groups in 10 with a methoxy group to give 11 is expected
to stabilize the Co'-Tara* tautomer — the spectra in MeCN substantiate this prediction, with
the energy of the lowest energy LMCT band lowering by 925 cm™* from 10 to 11. Accordingly,
in 11, the redox isomers are close enough in energy that the Co'-Tara* state is marginally
populated, as evidenced by the weak Tara* absorption (the sharper band at 12,100 cm
overlapping the LMCT band in Fig. 6), while in 10, the energy separation between redox
isomers is large enough that the Co'-Tara* state is completely absent.

Furthermore, the solvent dependence of the LMCT bands can hint as to which solvents
might stabilize one tautomer over the other. The red shift of the lowest energy LMCT band of
10 by 1,375 cm* upon changing the solvent from MeCN to DCM indicates that the Co'-Tara*
tautomer is relatively stabilized more so in DCM than in MeCN. Indeed, compared to the weak
Tara* absorption exhibited by 11 in MeCN, the spectrum in DCM becomes dominated by a
dramatically intensified Tara* absorption, indicating a significant shift to the Co'-Tara* side of
the equilibrium. Solvent dependence of the LMCT band energies of one complex can
therefore be used to predict solvent induced changes in the VT equilibrium of another, in

cases where the two complexes are closely related.
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Fig. 6 Ligand tuning in 10 and 11, with solvent-induced VT in the latter. Arrows illustrate the
change in solvent from MeCN to DCM. Adapted with permission from Ref. 8. Copyright ©
2018 John Wiley and Sons.

The threshold for how low the energy of the charge transfer band must become to
observe redox isomerism is specific to the particular system (Table 1). However, if one system
is very similar to another, it may be possible to make useful comparisons between them. The
complexes [Co(L3Me)2]3* (12) and [Co(L3®Me)2J3* (13; L3R = N,N-bis(4-R-phenyl)-4'-phenyl-
[2,2"6',2"-terpyridine]-6-amine) are closely related to 10 and 11 — all bear triarylamine
moieties attached to a meridional terdentate ligand, possess a Co''-Tara ground state in
MeCN, and exhibit two LMCT bands in the vis-NIR region.®® The replacement of both methyl
groups with methoxy groups in moving from 12 to 13 results in a red shift of the lower energy
LMCT band of 1,350 cm™*. Despite the shift, the lower energy LMCT band in 13 still lies slightly
higher in energy than the equivalent band in 10 (11,751 cm™ vs. 11,628 cm™), which does
not display solvent induced redox isomerism. Hence, solvent induced redox isomerism is not
to be expected in 13. Indeed, while a DCM solution of 13 exhibits red shifted LMCT bands,
the sharp absorption band that would mark the presence of the Co'-Tara* tautomer remains

absent.



An electronic structure analysis via DFT found low lying LMCT states, providing a good
indication that thermally induced VT in related systems could be made possible by further
reducing the energy of the open shell formulations. One disadvantage of the design of
complexes 10 to 13 is that one of the aryl components of the triarylamine is involved in
coordination to the metal center, resulting in an electron withdrawing effect from the amine
nitrogen which destabilizes the Co'-Tara* tautomer. By isolating the triarylamine moiety from
the first coordination sphere, thermally induced VT was observed in the complex [Co(L)2]** (L
= ortho-substituted 2-(pyridine-2-yl)-1,10-phenanthroline).®® However, no LMCT bands were

observed in the spectra, due to the increased distance between redox centers.

A final case study of using charge transfer spectra to illuminate aspects of a potential VT
equilibrium is offered by a family of square pyramidal [Co(R-salen)(L)]" complexes (R-salen
= N,N"bis(3-tert-butyl-5-R-salicylidene)-1,2-cyclohexanediamine). As in previous examples,
the one-electron oxidation of the square planar precursor complex [Co(R-salen)] has the
potential to occur at two sites — in this case, either the cobalt center or the phenolate moiety.
Therefore, the oxidized complexes, which are widely used catalysts for polymerization and
other reactions,®’-89 can exist as one of two redox isomers. One aspect of their utility is their
diamagnetism evident from 'H NMR spectroscopy in dimethylsulfoxide (DMSO) solution,
where the absence of paramagnetic broadening indicates a Co''-phenolate charge
distribution.®® However, in most other environments, the complexes exhibit paramagnetic

behavior, indicative of the presence of a Co'-phenoxyl state.

The response of charge transfer bands to ligand tuning can indicate which of these redox
isomers are present in a given solution. The broad charge transfer band exhibited by [Co(t-
Bu-salen)(OH2)]* (14) is dependent on the identity of the axial ligand (the aqua ligand can be
replaced by a variety of monodentate Lewis bases), and so is not likely to arise from a LLCT
or Tr-to-Tr* transition on the phenoxy ligand of a Co'"-phenoxyl species.®® Accordingly, it must
arise from either a MLCT of a Co'-phenoxyl species or a LMCT of a Co'"-phenolate species.
Since the band energy decreases from 14 to its methoxy-substituted equivalent [Co(MeO-
salen)(OH2)]* (15), in which the phenoxyl radical should be better stabilized, the band must
arise from a LMCT excitation, therefore indicating the contribution of a Co"-phenolate state
to the room temperature identity of the complex.’® In combination with other spectroscopic
results that reveal a paramagnetic component to the identity, these interpretations point
toward either an equilibrium (corresponding to valence tautomerism) or a resonance
(corresponding to Class II-1ll or Class Il mixed-valence behavior) between Co'-phenoxyl and
Co'"-phenolate formulations. The authors note that it is not clear which of the two is a more



accurate description — the reality may lie somewhere in between complete localization and

complete delocalization.

The complexes {[(pzTp)Fe"a(CN)12[Co"(TpECH)]a}** (16; pzTp- = tetra(pyrazol-1-
ylborate, TpE©OH = 2 2 2-tris(pyrazol-1-yl)ethanol) and {[(Tp*)(NC)Fe"]2(CN)4[Co'(t-Bu-
bipy)]2}?* (17; Tp*~ = hydrotris(3,5-dimethylpyrazol-1-yl)borate, t-Bu-bipy = =4,4'-di-tert-butyl-
2,2'-bipyridine) exhibit a temperature induced switchability between LS-Fe'/HS-Co' and LS-
Fe'/LS-Co'' states.*1"* This is similar to a VT transition, however, VT typically refers to
processes in which charge is transferred between a metal and a ligand, and the behavior of
16 and 17 is more precisely termed a charge-transfer-induced spin transition (CTIST). The
effect was first reported in Co-Fe Prussian blue analogues,*®°! but interest has grown in
molecular analogues and their solution-state behavior.*¢ Since CTIST in molecular systems
has been extensively covered in a recent review,*? we will only mention a few examples,

focusing on the relationship between charge transfer spectra and redox isomeric behavior.

For Fe-Co CTIST systems, the relative intensities of the Fe'-to-Co"' and Co'-to-Fe'
charge transfer bands can qualitatively report on the position of the CTIST equilibrium. The
solid-state thermochromism of 16, characterized by a decrease in the Co'-to-Fe'' band
intensity and an increase in the Fe'-to-Co"' band intensity with cooling, is a reflection of the
change in ground state from LS-Fe'/HS-Co' at high temperatures (T > 248 K) to LS-Fe''/LS-
Co'" at low temperatures (T < 248 K).** The thermochromism of 17 was reported in solution
(Fig. 7), and can be analyzed in much the same way as 16, albeit with a lower switching

temperature of 227 K and slightly shifted MMCT band energies.”
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Fig. 7 The thermochromism of 17 in butyronitrile. Cooling from 300 K to 200 K is
accompanied by the growth of a Fe'-to-Co'"' band at 770 nm and the decrease of the Co'-to-
Fe! shoulder at 550 nm. Adapted from with permission from Ref. 7. Copyright © 2011
American Chemical Society.



Similar to valence tautomerism, CTIST transitions can be optically induced. Above, we
have discussed results indicating that the optically induced VT process proceeds via a two-
step mechanism, whereby charge transfer to a LS-Co" state precedes spin transition to a HS-
Co' state.® In contrast, a femtosecond resolved XANES study on a Co-Fe PBA demonstrated
that in optically induced CTIST, the spin transition precedes the charge transfer.3® After
excitation of the LS-Co"'/LS-Fe'' species at 583 nm, the initially formed excited state, LS-
Co(llN*/LS-Fe(ll), decays in 50 fs to a HS-Co'"/LS-Fe' state, whereupon charge transfer in
200 fs to the metastable HS-Co'/LS-Fe'! state occurs. The study again demonstrates the
utility of ultrafast XANES spectroscopy in elucidating the electronic dynamics of charge

transfer phenomena.

Solvatochromism in non-redox-isomeric cobalt complexes

While thermochromism, as seen for 16 and 17, involves temperature-induced spectral
changes, solvatochromism, on the other hand, involves solvent-induced spectral changes.
When these changes occur in the visible region, solvatochromism results in readily apparent
color differences between solutions in different solvents. It is well known that a solution of
cobalt(ll) chloride is pink in water, bluish-violet in MeOH, and a striking deep blue in acetone
and other organic solvents, which is due to solvent effects on an equilibrium between
tetrahedral and octahedral species.®® This is the simplest example in a wide range of
solvatochromic cobalt compounds. Among these, there is a rich variability in the
solvatochromic behavior, with solvent dependence having been observed for both tetrahedral
and octahedral complexes, for both Co(ll) and Co(lll) complexes, and for transitions of a
MLCT, LMCT, MMCT, and d-d nature. In this section, we survey the behavior of some

pertinent examples, whose formulae are shown in Table 2, and structures in Fig. 8.



Table 2 Selected non-redox-isomeric cobalt complexes and the solvent parameters that are
associated with their solvatochromic behavior. Structures are shown in Fig. 8.

Nature of

Complex? Number Eglr\]/(?}sghromic E;arl:xqaer;;rc Ref.
[Co'"(2-aminopyrimidine)2(SCN)2(OH2)] 18 d-d DN 94
[Co'"(acacen)(thioacetamide)z]* 19 LLCT DN 95
[Co'(salophen)(thioacetamide):]* 20 LLCT DN 96
[Co'"(bzacen)(thiobenzamide)2]* 21 LLCT DN 97
[Co'(saox)(bipy)2]* 22 d-d None 98
[COML4N303) 23 d-d AN 9
[Co'(Ls)z2]~ 24 d-d None 63
[Ca"(5,5'-dimethyl-2,2"-bipyridine)z(ortho-catecholate)]* 25 LMCT E(30) 20

2 Abbreviations (in order mentioned): Hxsaox = salicylaldoxime, (L4N30%)3- = 1,4,7-triazacyclononane-N,N’,N"-
tripropionate, H.acacen = bis(acetylacetone)ethylenediamine, Hzsalophen = N,N*-bis(salicylidene)-1,2-
phenylenediimine, Hbzacen = bis(benzoylacetone)ethylenediamine, HoLs = 2-amino-1-(2-hydroxybenzamide)-
2-methylpropane.

b Ligand-to-ligand charge transfer (LLCT).

¢ Donor number (DN), acceptor number (AN).

22 23 24 25

Fig. 8 Structures of complexes in Table 2.



In the case of d-d transitions, it is unlikely that the solvent dependence is due to dipole
effects, since the permanent dipole should not change dramatically between ground and
excited states. Rather, it most often arises from solvent effects on the crystal field splitting
energy. In the simplest cases, this is caused by a change in species due to substitution of
weakly coordinating ligands. Large changes in the shape and intensity of d-d bands typically
characterize this behavior, as observed in [Co'(2-aminopyrimidine)2(SCN)2(OH2)] (18), in
which d-d bands at 478 and 510 nm in methanol (MeOH) shift to 561 and 627 nm in MeCN,
with the intensity of the lower energy band increasing about threefold and the shape becoming
more asymmetric.% The authors describe replacement of the aqua ligands by MeCN, and it
is unclear whether the effect is reversible.

Effects in the first coordination sphere also govern the solvatochromism of

[Co'l(acacen)(thioacetamide)2]* (19; Hzacacen = bis(acetylacetone)ethylenediamine),
[Co"'(salophen)(thioacetamide)2]*  (20;  H2salophen = N,N*-bis(salicylidene)-1,2-
phenylenediimine), and [Co'l(bzacen)(thiobenzamide)z]* (21; Hzbzacen =

bis(benzoylacetone)ethylenediamine). An absorption in the visible region (between around
450 to 600 nm, depending on the complex) shifts to shorter wavelengths as the solvent donor
number is increased, due to a reversible equilibrium involving substitution of the axial ligands

by coordinated solvent.®>—%7

For [Co"'(saox)(bipy)2]* (22; H2saox = salicylaldoxime), specific solvent-solute
interactions cause changes in Aoct that in turn, affect the energies of the A1g—3T1g and
1A14—3T2g transitions.% In this case, the band wavelengths do not correlate with any of the
solvatochromic parameters discussed earlier. When a correlation can be made, it is possible
to draw insights into the solvent-solute interactions, for example, in the case of [Co''L4N303]
(283; (LaN©2)3- = 1,4,7-triazacyclononane-N,N’,N"-tripropionate), in which the dependency of
vmax ON the solvent acceptor number was attributed to effects in the second coordination
sphere.® Interactions between acceptor solvent molecules and lone pairs on the carboxylate
oxygen atoms weaken both ¢ and 1 bonding between metal and ligand. In this case, the 1
interaction is dominant. Weakened 11 bonds result in larger values of Aoct, causing a blue-shift

of the d-d transitions with increasing acceptor strength.

A curious example of d-d bands varying in intensity but not in wavelength occurs in
[Co"(Ls)2]- (24; H2Ls = 2-amino-1-(2-hydroxybenzamide)-2-methylpropane). A change in
species, as in 18, is ruled out via *H NMR spectroscopy — rather, it is proposed that the wide



color variability (Figure 9) is due to breaking molecular symmetry by specific solvent-solute
interactions, which alters the oscillator strength of the transitions.2 This theory is supported
by a further study on two different salts of 24. Although the crystals visually differ in color,
diffuse reflectance spectra revealed no differences in the band wavelengths — therefore, the
observed color change must be due to changes in band intensities.'?® Between the crystal
structures of the two salts, the Co-N/O bond lengths did not differ — however, the molecular
symmetry was lowered from one salt to another, potentially resulting in changes in transition

oscillator strengths.
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Fig. 9 The diverse range of colors exhibited by various solutions of (PPh4)24 (1.0 x 103 M).
Reprinted from Ref. 3, Copyright © 2013, with permission from Elsevier.

Moving to solvatochromism relating to charge transfer bands, an experimental and
computational study of [Co"(5,5'-dimethyl-2,2'-bipyridine)z(ortho-catecholate)]* (25) is
illustrative in demonstrating the information that can be gained from analysis of
solvatochromic behavior. The compound’s negative solvatochromism is consistent with
calculated values of the ground and excited state dipole moments of 13.33 D and 9.26 D,
respectively.?® Natural transition orbital analysis revealed that the solvent dependent
excitation is a d-d (dyz — dz2) transition with significant LMCT character due to significant
contributions to the donor state from a filled * orbital on the catecholate ligand. Thus, the
excited state can be interpreted as having some aspects of a transient Co'-sq valence

tautomer.

A linear correlation was found between Amax values of 25 in various solvents and the

Reichardt E1(30) parameter. However, estimates of the excitation energy calculated by time



dependent DFT (TD-DFT) did not correlate with the experimentally observed excitation
energies, with non-hydrogen bonding solvents appearing to adhere to a linear trend from
which hydrogen bonding solvents greatly deviated. The issue was that the calculations only
captured the solvent’s dielectric characteristics and were unable to account for specific
solvent-solute interactions. When instead, the excitation energy model was amended to
incorporate both &r as well as the Kamlet-Taft a-parameter, the agreement between calculated
and experimental trends was greatly improved. Since the catecholate oxygen atoms are the
most likely sites on the complex to accept hydrogen bonds, the authors explored the effect of
replacing them with sulfur atoms, which should be weaker hydrogen bond acceptors. In the
sulfur analogue, the experimentally observed solvatochromism was well reproduced by TD-
DFT calculations, with inclusion of hydrogen bonding considerations not necessary.
Conversely, when imax was plotted against E1(30), hydrogen bonding solvents did not conform
to the linear trend obeyed by non-hydrogen bonding solvents. These findings are consistent
with hydrogen bonding between catecholate oxygen atoms and solvent playing a significant
role in the solvatochromism of 25.

From this example, it can be seen that a simple plot of imax against ET(30) can give an
indication of the hydrogen bonding interactions occurring in solution. In the case of negative
solvatochromism, a linear correlation for all solvents would indicate that hydrogen bonding
plays a significant role in stabilizing the ground state. This could have important ramifications
for the solution-state behavior of valence tautomeric systems, in which the equilibrium is
usually manipulated by redox tuning,3’ but sometimes also by solvent choice.?31%! Hydrogen
bonding interactions could conceivably stabilize one redox tautomer more than the other,

allowing manipulation of the equilibrium via choice of solvent.

Solvatochromism and redox isomerism: valence tautomerism

In the following section, we discuss more general examples of solvent dependent VT
equilibria, applying solvatochromic theory where possible to guide interpretations of this
phenomenon. The stark color changes that often accompany the manipulation of a VT
equilibrium via solvent choice arise less from the shifting of band energies, as seen for 23
and 25, and more from the growth of bands associated with one tautomer and the bleaching
of bands associated with the other tautomer. This is similar to the thermochromic behavior of
16 and 17, except that in the following examples, spectral changes are induced by solvent,
rather than temperature.



Itis necessary, however, to introduce a parameter associated with thermally induced VT.
The critical temperature, T, is the temperature at which the populations of both tautomers
are equal — in other words, when AGo is zero.®*? For example, in Co-dioxolene systems, if Tc
is above room temperature, then the LS-Co'"'-cat tautomer is favored at room temperature,
while if Tc is below room temperature, then the HS-Co'-sqg tautomer is favored. In the case of
[Co(Mestpa)(Bradiox)]* (26, see Table 3) previously described, the stabilization of the HS-Co''-
sq tautomer in chlorinated solvents can therefore be alternatively described as a decrease in
Tc upon changing the solvent from MeCN to DCM.22 The underlying spectral changes for 26
are depicted in Fig. 11 (top). In MeCN, acetone, and N,N-dimethylformamide (DMF), the
LMCT bands centered around 414 and 803 nm are characteristic of a LS-Co''-cat tautomer,
while the spectra in chlorinated solvents DCE and DCM are dominated by MLCT bands in the
500-650 nm range and semiquinonate-based transitions at 432 nm and 700-1000 nm,
suggesting that the HS-Co'-sq tautomer dominates.?® The higher value of Tc in MeCN
compared to DCE and DCM can be monitored by variable temperature UV-vis spectroscopy.
Heating MeCN solutions of 26 from 283 to 348 K results in a grow-in of the MLCT and
semiquinonate features that dominate the DCE and DCM spectra (Fig. 11 (bottom)).



Table 3 Examples of solvatochromic complexes with two possible redox isomers, where
some examples exhibit a redox isomeric equilibrium, and some do not. The solvent-
dependent parameter is listed, as well as the solvatochromic parameter that correlates with
it. Structures of the non-dioxolene complexes are shown in Fig. 10.

Redox Solvent- Correlated _
Complex2 Number isomerism? dependent  solvatochromic Ref.
parameter  parameter/s
[Co(Mestpa)(Bradiox)]* 26 Yes Te None 23
[Co(Mestpa)(Cladiox)]* 27 Yes Te DN 22
[Co(LN9)(t-Buzdiox)]* 28 Yes Te None 101
[Co'(tmeda)(t-Buzdiox)2] 29 Yes Te DN 102
[Co(py20)(3,6-t-Buzdiox)2] 30 Yes Te DN, & 103
[Mn(cth)(t-Buzdiox)]* 31 Yes Te DN, & 104
[Mn(pyridine)z(t-Buzdiox)z] 32 Yes Te DN, &
[Ru(NHs)a(t-Buzdiox)]2* 33 Yes v(MLCT), DN 105
v(LMCT)

[Fe'(cth)(t-Buzcat)]* 34 No v(LMCT) DN, & 106
[Fe'(tmeda)(t-Buzcat)z] 35 No v(LMCT) DN 107
[Co(Phzbipy)(t-Buzdiox)z] 36 Yes Te & 38
[(CuCl2)2(Le)] 37 Yes Te & 108
[CuXz(L7)] (X =ClI, Br) 38 Yes Te & 109
[Coz(hmteta)(3,6-t-Buz2diox)4] 39 Yes Te DN, & 110
[M(Bu-py)2(t-Bu-diox)2], M = Mn, Co 40M Yes Te DN, & m
[Co(BzOEt-phen)(t-Bu-diox)z] 41 Yes Te & 112
[Co(Ls)2] 42 Yes Te None 113
[Fe'"(bispicen)(Cladiox)z] 43 No v(LMCT) None 14
[Co(LN?)(t-Buzdiox)z] 44 Yes Te None 115
[Fc-NHCO-Cc]* 45 No v(MMCT) Correlates with 116

a function of the

Kamlet-Taft

parameters?s
[Fc-NHCO-Cc-CONH-Fc]* 46 No v(MMCT) See 45 116
[{LNsCo"(u-NC)}2Fe"(CN)4)2 47 No v(MMCT) & 18

a Abbreviations (in order mentioned): Bradiox = tetrabromodioxolene, Clidiox = tetrachlorodioxolene,
LN = N,N"-diisopropyl-2,11-diaza[3.3]-(2,6)pyridinophane, tmeda = N,N,N’,N"-
tetramethylethylenediamine, py»0 = dipyridyl ether, 3,6-t-Bu>diox = 3,6-di-tert-butyldioxolene, Ph;bipy
= 4,4'-diphenyl-2,2'-bipyridine, Ls = 2,3,5,6-tetrakis(tetramethylguanidino)pyridine, L7 = 5,6-bis-(N,N*-
dimethyl-N,N"-ethylene-guanidino)-2,2-dimethyl-[1,3]-benzodioxole, hmteta = 1,1,4,7,10,10-



hexamethyltriethylenetetramine,
phenanthrolin-5-yl)benzoate,

Bu-py
HLg

4-tert-butylpyridine, BzOEt-phen = ethyl 4-(1,10-
3,5-di-tert-butyl-1,2-quinone-1-(2-hydroxy-3,5-di-tert-

butylphenyl)imine, bispicen = N,N"-bis(2-pyridylmethyl)-1,2-ethanediamine, LN? = 2,2"-bipy or 1,10-
phenanthroline, Cc = cobaltocenyl, LN* = 6-methyl-1,4,8,11-tetraaza-cyclotetradecan-6-amine.
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Fig. 10 Structures of the non-dioxolene complexes in Table 3.
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Fig. 11 Top: UV-vis spectra of 26 in MeCN (black), acetone (blue), DMF (orange), DCE (red),
and DCM (green), illustrating its solvatochromic behavior. The broken line on the catechol
ligand indicates its oxidation state of either —1 or —2, depending on the temperature and
solvent. Bottom: Variable temperature UV-vis spectra of 26 in MeCN from 283 K (blue) to 348
K (red) in 5 K intervals.?®

The stabilization of the HS-Co'-sq tautomer in halogenated solvents has also been
observed for the complexes [Co(Mestpa)(Cladiox)]* (27; Cladiox = tetrachlorodioxolene) and
[Co(LN4)(t-Buzdiox)]* (28; LN+ = N,N"-diisopropyl-2,11-diaza[3.3]-(2,6)pyridinophane),??°* and
we have already discussed that DCM stabilizes the Co'-Tara* tautomers of complexes 10
and 11. In a study of 27 it was argued that solvents of high donor number (MeCN, DMSO,
and acetone), and therefore high Lewis basicity, favor the LS-Co''-cat tautomer, while the
chlorinated solvents DCM and DCE favor the HS-Co'-sq tautomer.?? Similarly, solution state
magnetic susceptibility measurements (Evans NMR method) on 28 revealed that Tc is lower
in DCE and 1,2-dibromoethane (DBE) than in MeCN, with the halogenated solvents again
favoring the HS-Co'-sq tautomer (Fig. 12).101
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Fig. 12 Solution state magnetic susceptibility measurements on 28 by the Evans NMR
method in DCE-d4 (black squares), DBE-d4 (green triangles), and MeCN-ds (red circles).10t
In all solvents, incomplete transitions occur over the temperature ranges measured, which
depend on the liquid range of the solvent and the solubility of the compound. With increasing
temperature, ymT increases, consistent with a transition between diamagnetic Co'-cat and
paramagnetic Co'-sq.

Various solvatochromic parameters have been used in to characterize solvent
dependency of VT equilibria. The solvatochromic behaviors of the complexes discussed in
this section and the next are summarized in Table 3. There are numerous examples in
support of a donor number argument such as that put forward for 27, whereby an increase in
the solvent donor number results in an increased stabilization of the state with a smaller metal
center. In [Co'(tmeda)(t-Buzdiox)z] (29; tmeda = N,N,N’,N-tetramethylethylenediamine), the
increase in Tc in the order toluene < DCM < MeCN < DMF matches the trend in donor
number.1%2 The same trend between Tc. and solvent donor number is observed in
[Co(py20)(3,6-t-Buzdiox)2] (30; py20 = dipyridyl ether, 3,6-t-Bu2diox = 3,6-di-tert-
butyldioxolene).1% The manganese complex [Mn(cth)(t-Buzdiox)]* (31) is present as the blue-
green Mn'-sq tautomer in toluene and acetone, but changing the solvent to DMSO, with a
comparatively higher donor number, results in a change in the solution color to yellow and an
increase in the population of the Mn''-cat state, evidenced in the UV-vis spectra.'%* Likewise,
for the complex [Mn(pyridine)z(t-Buzdiox)2] (32), the VT equilibrium shifts from the Mn'-(sq):
side to the Mn'V-(cat)2 side as the donor number increases with a change in solvent from

toluene to pyridine.t’



The solvatochromism of charge transfer bands observed for [Ru(NH3)4(t-Buzdiox)]?* (33),
[Fe"'(cth)(t-Buzcat)]* (34), and [Fe'(tmeda)(t-Buzcat)2] (35) is consistent with the increasing
stabilization of higher-valent metal forms with increasing solvent donor number.05-107 For
complexes 34 and 35, no VT equilibrium is observed, however for both complexes, the
negative solvatochromism of the LMCT band, defined by an increase in the band energy with
increasing donor number, indicates that the Fe''-cat ground state is increasingly stabilized
relative to the Fe'-sq excited state as the donor number increases.1%¢197 Both Ru''-sq and
Ru'-bg (benzoquinone) tautomers are present in solutions of 33.1% As the donor number
increases, the LMCT band associated with a Ru'"-sq ground state increases in energy, while
the MLCT band associated with a Ru'"-bq ground state decreases in energy (Fig. 13). Both
observations are consistent with a stabilization of the Ru'"'-sq tautomer relative to the Ru'-bq

tautomer as the solvent donor number increases.
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Fig. 13 Dependencies of the MLCT (o) and LMCT (o) band energies of 33 on the solvent
donor number. The MLCT band arises from the Ru'-bq tautomer, and the LMCT band from
the Ru''-sq tautomer, as shown. Reprinted from Ref. 195, Copyright © 2012, with permission
from Elsevier.



Although the complex [Fe'l(bzimpy)2]?* (bzimpy = 2,6-bis-(benzimidazol-2"-yl)-pyridine)
displays not VT, but SCO, the increasing stabilization of the LS-Fe state with increasing donor
number is consistent with the observation in the above examples that the state with a smaller

metal center is increasingly favored as the donor number increases.®’

In various other cases, it is changes in solvent polarity, rather than donor number, which
is proposed to cause solvent dependence of VT equilibria. Solution-state UV-vis data of
[Co(Phzbipy)(t-Buzdiox)2] (36; Phzbipy = 4,4'-diphenyl-2,2"-bipyridine) suggest that Tc
decreases as the polarity of the solvent, as indicated by the & parameter, increases.®® An
alternative description of this behavior is that the HS-Co'-sqg tautomer is increasingly favored
as ¢&r increases. Although this is the opposite to what would be expected based on the
seemingly larger charge separation in the LS-Co'-cat tautomer, many examples of
solvatochromic MLCT bands have shown that the connection between nominal charge
distribution and dipole moment is not always obvious.>*€° In one such example, a ruthenium
complex with a Ru'-L ground state and a Ru"-L*- excited state (L = 4,4'-COOH-2,2'-
bipyridine) experiences a reduction in dipole moment upon excitation, contrary to what would

be expected if considering the formulae alone.>®

Solvent effects on VT equilibria have been observed for several copper
complexes,108109.118 For dinuclear [(CuCl2)2(Ls)] (37; Le = 2,3,5,6-
tetrakis(tetramethylguanidino)pyridine), the Cu'-L?*—Cu' tautomer is increasingly favored over
the Cu"-L-Cu" tautomer as the solvent polarity increases.'®® This was shown by monitoring
spectral changes arising from increasing the solvent polarity, first by adding successive
increments of the salt (NBu4)PFe to DCM solutions of the complex, then by the usual method
of substituting DCM with a solvent with a higher & value. Noteworthy here is the effect of
electrolyte concentration on the VT equilibrium — this could potentially be important when
preparing solutions for electrochemical measurements, which necessarily always contain a
supporting electrolyte. As in 25, the DFT-calculated dipole moments of the two possible
electronic structures of 37 are consistent with the observed solvatochromic behavior; the Cu'-
L2*—Cu' tautomer exhibits a larger dipole moment, and therefore is favored by more polar

solvents.

Similarly to 37, in the mononuclear complexes [CuX2(L7)] (38; X = ClI, Br; L7 = 5,6-bis-
(N,N"-dimethyl-N,N"-ethylene-guanidino)-2,2-dimethyl-[1,3]-benzodioxole) the population of
the high temperature tautomer (Cu'-L* in this case) increases with the & value of the
solvent.1®® Here, double integration of the EPR signals was used to determine the relative

populations of the Cu'-L* and Cu'-L states.



While in 36 to 38, it is the high temperature tautomer which is favored by more polar
solvents, in reports of the complexes [Coz(hmteta)(3,6-t-Buzdiox)s] (39; hmteta =
1,1,4,7,10,10-hexamethyltriethylenetetramine) and [M(Bu-py)2(t-Bu-diox)z] (40M; M = Co, Mn;
Bu-py = 4-tert-butylpyridine) it is suggested by their respective authors that the low
temperature tautomers are favored by more polar solvents, or equivalently, that the high
temperature tautomers are favored by more non-polar solvents.'%11 For 39, moving from
THF or acetone to non-polar toluene shifts the equilibrium toward the Co'"-sq tautomer.10
Pyridine solutions of 40¢° favor a Co''-cat electronic structure, but as the non-polar toluene
component of mixed pyridine/toluene solutions is increased, the Co'-sq tautomer is
increasingly favoured.!! The same behavior is observed in 40M", albeit between Mn'V-cat and
Mn'"-sq charge distributions.''? Similarly, in the complex [Co(BzOEt-phen)(t-Bu-diox)z] (41;
BzOEt-phen = ethyl 4-(1-10-phenanthrolin-5-yl)benzoate), Tc shifts from 261-265 K to 230-

231 K upon moving from DCM to toluene.!?

It is important to note that for several of these examples, solution-state equilibria were
investigated in only two or three solvents. More detailed solvatochromic analyses can often
be precluded by insolubility or dissociation/decomposition in certain solvents.23!1
Solvatochromic effects between pyridine and toluene in 40%° and 40M" could be due to
polarity, but equally, they could be due to donor number, with pyridine of stronger donicity
favoring the Co''-cat and Mn'V-cat forms.

In many cases, therefore, it can be difficult to determine the specific environmental
interactions responsible for solvent effects on VT equilibria. In one such case, the Tc of the
complex [Co(Ls)2] (42; HLs = 3,5-di-tert-butyl-1,2-quinone-1-(2-hydroxy-3,5-di-tert-
butylphenyl)imine) falls by around 60 K when the solvent is changed from toluene to the
commercially available oil Miglyol 812 — but due to the uniqueness and relative lack of
solvatochromic data for the latter solvent, it is difficult to make any conclusions about the
environmental interactions.''3 The solvent-solute interactions can also remain ambiguous
when solvatochromic trends do not correlate with any solvatochromic parameters — for
example, the Tc trend exhibited by 26 fails to correlate with donor number or ¢, or indeed, any
of the solvatochromic parameters mentioned in the theory section of this review. Similarly, for
the complex [Fe"(bispicen)(Cladiox)2] (43; bispicen = N,N-bis(2-pyridylmethyl)-1,2-
ethanediamine), the separation between Fe''-cat ground and Fe'-sq excited states, as
measured by the LMCT energy, increases in the order MeOH < DMF < MeCN, a trend that

agrees neither with donor number or polarity.1



Addressing the lack of a correlation between Tc¢ and & in the complexes [Co(LN?)(t-
Buzdiox)2] (44; LN2 = 2,2"-bipy, 1,10-phenanthroline), it was noted, in a detailed study on
solution VT, that the endoergic term (Q) may play an important role.!*> Also known as the
cavity term, Q measures the work involved in separating solvent molecules to create a cavity
accommodating the solute molecule.?”*® As cobalt VT systems are associated with a
particularly large bond length changes, due to the low-spin-to-high-spin transition that
accompanies charge transfer, Q may be especially relevant to them. During the LS-Co(lll)-
to-HS-Co(ll) transition, the molecular expansion necessitates an expansion of the solvent
cavity. The work associated with this will increase as the Q value of the solvent increases —
hence, solvents with a larger Q value could conceivably stabilize the LS-Co(lll) isomer relative
to solvents with a smaller Q value. To the best of our knowledge, the effects of Q on VT
equilibria have not been mentioned elsewhere. However, it would be an interesting factor to
consider, particularly in cobalt VT systems in which Tc does not correlate with the usual

solvatochromic parameters.

Taken altogether, the solvatochromic behavior of the complexes discussed in this
section suggest that, although solvent trends in Tc¢, v(LMCT), or v(MLCT) can usually be
explained on the basis of solvent donor number or polarity, the several systems that do not
obey either of these trends illustrate the potential importance of specific solvent-solute
interactions. For example, halogen interactions in 26 could play a role in the stabilization of
the Co'-sq tautomer in chlorinated solvents. The effect of Q, moreover, would be dependent
on the molecular volume change associated with the transition, a specific value that would

vary between systems.1°

Solvatochromism and redox isomerism: charge-transfer-induced
spin transition

For systems where the charge transfer excited state is an electrochemically accessible
species, the energy of the charge transfer absorption (Eop) can be related to the free energy
difference (AGo) between two redox isomers. For solvatochromic compounds, Eop is solvent
dependent. However, solvent-induced changes in Eop cannot necessarily be used to infer

changes in AGo, as the following shall illustrate.

The MMCT bands of the heterometallocenes [Fc-NHCO-Cc]* (45; Cc = cobaltocenyl)
and [Fc-NHCO-Cc-CONH-Fc]* (46) both exhibit negative solvatochromism.''® With closed



shell Fe'-Co'" ground states, the Fe''-Co" excited states represent potential CTIST redox
isomers. Since Eop in 45 falls by around 2,500 cm* from MeCN to DCM, it would be tempting
to infer that DCM stabilizes the Fe"'-Co'" redox isomer. However, the value of AGo (estimated
via electrochemical measurements) changes minimally between the two solvents. The same
behavior is observed across a range of Fe-Co heterometallocenes (strong solvent
dependency of Eop but comparatively weak solvent dependency of AGo), indicating that in
these systems the solvatochromism arises principally from changes in 4 rather than changes
in AGo [see eqgn (1)]./

Compared to Fe-Fe bimetallocenes, the Fe-Co heterometallocenes 45, 46, and the
prototype molecule they are based on, [Fc-Cc]*, exhibit enhanced metal-to-metal
communication.'?® To investigate their potential as switchable molecules, energy diagrams
for 45, 46, and [Fc-Cc]* were constructed based on a two state Hush model (Fig. 14).1%¢ As
AGo lowers from 1.58 V in [Fc-Cc]* to 1.135 V in 45 and 0.95 V in 46, the system approaches
a double well potential. For genuine redox isomerism in Fe-Co heterobimetallocenes, AGo

must be lowered even further.
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A study on a series of cyano-bridged Fe'-Co'"' systems found that, as in Fe-Co
heterometallocenes, the solvatochromic behaviors of the MMCT bands were primarily due to
changes in / rather than changes in AGo, as in 45 and 46.12! However, the effects of ligand
tuning on Eop resulted primarily from changes in AGo, with 1 only varying marginally. Hence,
changes in Eop caused by ligand tuning can be used to infer changes in the relative
stabilization of the redox isomeric Fe''-Co'" MMCT excited state. For instance, in the dinuclear
species [(L)Co(NC)Fe(CN)s]>~ (L = 6-methyl-1,4,8,11-tetraazacyclotetradecan-6-amine),
replacement of two of the cobalt-bound NH groups with sulfur atoms causes the MMCT to
drop by 2,100 cm%, corresponding to a stabilization of the Fe''-Co' state.’?? Likewise, the
MMCT energy of the very similar complex [(L)Co(NC)Fe(CN)s]>~ (L = 10-methyl-1,4,8,12-
tetraazacyclopentadecan-10-amine) increases with decreasing pH, corresponding to a

stabilization of the Fe'-Co'" state due to protonation of the iron-bound cyanide ligands.*?3

For the closely related trinuclear complex [{LNsCo'"'(u-NC)}2Fe'(CN)4]?* (47; LNs = 6-
methyl-1,4,8,11-tetraaza-cyclotetradecan-6-amine) the MMCT band exhibits a negative
solvatochromism.® Notably, the solvatochromism is not limited to changes in Eop — in addition,
the intensity of the MMCT band increases dramatically with an increase in the solvent donor
number. Since, according to the Hush model, emax is related to the electronic coupling, Hab,

between donor Fe'" and acceptor Co'" units by

JE A Av
Haboc max/max-2V1/2 (2)

’
TDA

where Aviz is the MMCT bandwidth at half-height and rpa is the distance between donor and
acceptor units,*3124125 trends in emax could potentially be qualitatively reporting on trends in
Han, and therefore on solvent-induced changes in the extent of charge delocalization between
the two metals. In this case, the compound exhibits a localized charge distribution across all

solvents investigated, which can be likened to Class Il mixed-valency.

Applications of solvatochromic complexes and metal-organic frameworks
Potential sensing-based applications of solvatochromic complexes hinge upon a reliable
dependence of a measurable parameter (usually Amax) on the quantity to be observed. For
example, further investigations on 25 tested its ability to report on the composition of mixed-

solvent systems.?° The excitation wavelength imax exhibits a linear trend as a function of the



percentage (by volume) of ethanol in water, whereas for a DCM/MeOH mixed solvent system,
a deviation from linearity was observed at high DCM concentrations, due to preferential

solvation by MeOH.

Turning to the solid state, the ability of some metal organic frameworks (MOFs) to
change color upon the exchange of guest solvent molecules can be viewed as a subset of
the wider category of host-guest phenomena.'?®¢ Although this behavior is different to the
solvatochromism of discrete complexes in solution, the word ‘solvatochromic’ in the sense so
far discussed has been equally applied, throughout the literature, to porous MOFs exhibiting
a color changing response upon incorporating different solvent guests, either by immersion
in solvent, or by exposure to solvent vapours.t01.126-129 These systems bear much potential

for applications in vapor sensing and as solvent indicators.

Despite occurring in the solid state, solvatochromism in MOFs can, in many cases, be
understood using similar principles to those that apply to solvatochromism in solution. The
color change from red to purple upon desolvation of the MOF {{[Co(L)(m-BDC)]:DMF}n (L =
N,N"-di(pyridin-4-yl)isophthal-amide, m-BDC = 1,3-benzenedicarboxylic acid) arises due to
the shift of d-d bands to lower energies as hydrogen bonding DMF molecules are replaced
by non-hydrogen bonding void space.3° The increase in band energies caused by hydrogen
bonding interactions mirrors the solvatochromic behavior of many examples discussed
above. Likewise, hydrogen bonding is responsible for the solvatochromism of the MOF
{[Co(34pba)2]- DMF}» (34pba = 3-(4-pyridyl)-benzoate), which undergoes a reversible color
change upon desolvation from light purple to dark purple.'3! Desolvated sampes of the MOF
{[Co(44pba)z]-DMF3-EtOHo.25:H204}n  (44pba = 4-(4-pyridyl)-benzoate) were able to be
resolvated by a wide range of solvents, with the diffuse reflectance spectra of the resolvated
compounds indicating a negative solvatochromism.3? While hydrogen bonding interactions
can again be invoked to rationalize this behavior, crystallographic studies on the MeOH-
solvated compound revealed that structural changes may also play a role — slight rotations of
aromatic rings and small changes in the Co-N/O bond lengths were found to accompany the
uptake of MeOH.133

Perhaps the most dramatic structural change possible is a crystal-to-amorphous-to-
crystal rearrangement. Such a rearrangement, along with concomitant solvatochromism, has
been observed for the MOF {[Co(NCS)2(L)]'2H20-CH3OH}» (L = tetrakis(4-
pyridyloxymethylene)methane).'3* In the absence of MeOH, the compound undergoes a
complete loss of crystallinity and the compound changes from pink to blue (Fig. 15). Re-

exposure to MeOH results in a rapid color change back to pink and a recovery of crystallinity.



The process occurs solely with MeOH and persists at low MeOH concentrations as well as in
gaseous environments, allowing the system to act as a specific and highly sensitive MeOH
sensor that functions in both liquid and gaseous environments. In the same vein, a trinuclear
framework {{Co3(OBA)3(PTD)(OH2)2]-2DMA-H20}n (H20BA = 4,4"-oxybis(benzoic acid), PTD
= 6-(pyridin-4-yl)-1,3,5-triazine-2,4-diamine) was recently reported to act as a specific,
sensitive DCM sensor, exhibiting reversible single-crystal-to-single-crystal solvatochromic

phenomena on exposure to DCM.3!

Fig. 15 Color changes in {{Co(NCS)2z(L)]-2H20-CHsOH}n. (a): As synthesized. (b): In the
absence of MeOH. Re-exposure to MeOH results in recovery of the characteristic appearance
of (a). Adapted with permission from Ref. 134, Copyright © 2018 American Chemical Society.

Summary and concluding remarks

A tell-tale sign that a suspect compound exhibits valence tautomerism is the observation of a
reversible color change upon heating or cooling. Electronic spectroscopy allows us to probe
the excitations responsible for these often dramatic effects — the aim of this review has been
to illustrate the relationships between optical phenomena and redox isomerism in inorganic
molecules. In particular, we have shown that the related phenomena of charge transfer and
solvatochromism can provide valuable insights into the switchable behavior, or lack thereof,

in a potential VT or CTIST complex.

The relationship between redox isomers is fundamentally tied to the relationship between
the ground (D-A) and excited (D*-A") states in a charge transfer excitation. As a consequence,
the charge transfer spectra of complexes with two redox-active moieties can indicate, for
example, the energy difference between two redox isomers, or whether a particular redox
iIsomer is present under certain conditions, or, by extension, the position of the valence

tautomeric equilibrium, if there is one.

In certain systems, the energy of the charge transfer excitation can act as a diagnostic

criterion for whether the redox isomers are close enough in energy to observe an equilibrium



between them. As Eop is lowered from 1 to 2, and likewise from 10 to 11, the D*-A- isomers
that were inaccessible in 1 and 10 become present in the room temperature equilibria of 2
and 11. Accordingly, one might hope to find a certain threshold value of Eop, below which
redox isomerism is observed, and above which it is not. Indeed, in putative VT systems, it
has been proposed that values of the separation between the redox potentials of the frontier
metal and ligand redox processes can be used to predict the likelihood of thermal VT
interconversion.?® However, the widely varying charge transfer band energies exhibited by 1
to 17 clearly indicate that no general rule for Eop exists. Between different metals and ligand
families, the reorganizational energy A may vary greatly, and so, Eop and AGo are not expected
to move in parallel. Additionally, even if a low Eop value could be used to imply a close
separation of isomers, the accessibility of the transition would still be subject to a favorable
entropy difference, which could also vary greatly between different metals and ligand families.
Hence, values of Eop should only be compared between structurally related systems, for

example, between complexes 10 to 13.

Charge transfer phenomena often come hand-in-hand with solvatochromism. Aside from
the related proposed applications in sensing, solvatochromism can also provide a window
into a molecule’s interactions with its environment. The analysis of solvatochromic trends with
solvatochromic parameters can elucidate the nature of solvent-solute interactions, for
example, in the case of 23, where the correlation of vmax with solvent acceptor number
suggested that solvation of oxygen atom lone pairs resulted in larger values of Aoct, Or in the
case of 25, where the correlation of imax with ET(30) pointed toward hydrogen bonding

interactions between solvent and catecholate oxygen atoms.

An understanding of the interpretation of these parameters is critical when drawing
conclusions regarding the solvent-solute interactions. For VT systems, such insights could
have important ramifications for the solution-state equilibrium — certain interactions could
conceivably stabilize one tautomer more than another, and so, the equilibrium could be
manipulated by choice of solvent. In our survey of solvent dependent VT equilibria, two
prevailing theories emerge: firstly, in many dioxolene complexes of cobalt and other metals,
increasing the solvent donor number results in a stabilization of the smaller, low-temperature
tautomer. Secondly, in several copper-guanidine systems, increasing the solvent polarity
results in a stabilization of the high-temperature tautomer, with DFT calculations confirming,
in one case, that this effect is due to the larger dipole moment of the high-temperature
tautomer. In several cases, however, the position of the equilibrium correlates neither with

donor number nor polarity. Specific solvent-solute interactions, such as hydrogen bonding,



may play an important role, and the effect of the endoergic term (Q) may be especially

relevant to cobalt VT systems.

The discussions outlined above underline the significant effects that solvent-solute
interactions can have on molecular behaviors, as well as the importance of investigating
behavior in a range of solvents where possible. One of the major barriers to integrating VT
molecules into data storage, sensor, or display devices is the possible loss of switchable
behavior upon change in environment. Despite pertaining to the solution state,
solvatochromic analysis can provide valuable information about the environmental factors
that affect VT. These insights may prove useful as ongoing advances approach incorporating
switchable molecules into real devices. For example, one novel example of using solution
state behaviors to inform solid state properties is found in a study that integrates molecules
of complex 42 into liquid-filled microcapsules, which are then incorporated into thin films.%3
The solvatochromism of 42 is used to inform the ideal choice of solvent for the microcapsules,
and the VT observed in the solution state is maintained upon incorporation into the solid

material.

Part of the attraction of transition metal chemistry lies with the vibrancy and variety of
colors that transition metal complexes often exhibit. Optical spectroscopy allows us to quantify
these colors. We have discussed herein how the behavior of a compound’s spectral bands
can illuminate important aspects of its switchability. The response of charge transfer bands
to ligand tuning reveals aspects of the relationship between redox isomers, while the
response of spectral bands to solvent can reveal environmental effects on redox isomerism.
In color, therefore, there exists a wealth of information, the analysis of which can shed light
on why a switchable molecule acts the way it does, and thereby inform the design of future
switchable molecules, as well as their implementation in the as-yet foreign environment of a

molecule-based device.
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