7® ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online

View Journal | View Issue

An investigation into catalysed xanthene-based
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The ability of a family of M4, Mg and Mj, coordination cages to effect catalytic oxidative degradation of a
family of xanthene-based dyes using peroxymonosulfate (PMS) has been investigated in water. The My,
cages bind one dye molecule inside the central cavity; the Mg cages bind multiple anionic dye molecules
around the external cage surface; the smallest M4 cages do not interact strongly with the dyes. Three sep-
arate sets of experiments showed that octanuclear Cog was the most effective catalyst due to a combi-
nation of (i) its ability to bind multiple dye molecules around its surface in solution, and (ii) the Co(i)/Cof(in)
redox couple which activates the PMS anion by reducing it to the reactive species SO~ close to the
cage-bound substrates. Control experiments showed that replacing Co(i) by Fe(i), Ni(n) or Zn(i) in iso-
structural Mg cages removed catalytic activity, which specifically requires the Co(il)/Co(i) couple; and the
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effectiveness of the catalysis is guest-dependent according to parameters such as charge, hydrophobicity
and inductive effect of substituents on the xanthene core. Overall the Cog cage fulfils three functions of
(i) binding the guest, (i) activating the PMS using the Co(i1)/Co(in) couple, and (iii) accumulating the SO,
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Introduction

A particularly appealing application of coordination cage hosts
is the catalysis of reactions of bound guests, a subject which
has been extensively reviewed in recent years.' There are many
mechanisms by which such catalysis can occur, including (but
not limited to) (i) co-location of >1 reaction partners, meaning
that each reactant experiences a high local concentration of
the other; (ii) electrostatic factors whereby the high charge on
a host cage can modify the affinity of a bound guest for
protons, leading to substantial changes in acid- or base-
catalysed reaction rates; (iii) constrictive binding, whereby
folding a flexible guest in a confined space perturbs it towards
the geometry of a transition state, thereby making it more
accessible; and (iv) light-induced processes in which the host
cage surrounding a guest incorporates light-harvesting
chromophores or redox-active quenching groups in close proxi-
mity to the guest, facilitating reactions based on photoinduced
electron transfer.
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anions around the cationic cage surface close to bound guests.

Our recent work in this area, based on members of our
family of coordinated cages that contain ditopic or tritopic
ligands with pyrazolyl-pyridine chelating termini,” has made
two distinct contributions. The first is that a range of catalysed
reactions between hydrophobic organic guests and anions
(which include hydroxide,*® enolates® and phenolates)
requires recognition of the anionic reaction partner at binding
sites on the cationic cage surface: and these reactions can
occur not just on cavity-bound substrates,® but also on sub-
strates that are too large for the cavity but are nonetheless
associated with the cage exterior surface via hydrophobic
interactions.*

Our second recent contribution is that Co(u)-containing
cages can act as redox partners for cage-catalysed oxidation
reactions of substrates.?”® Oxidants such as H,0, and peroxy-
monosulfate, which are thermodynamically powerful but kine-
tically slow oxidants, may be activated by conversion to reactive
oxygen species (ROS) using a low-potential M""/M"** redox
couple in which the M"" ion acts as a one-electron reducing
agent.®” If this happens using the Co(n) ions in the cage, then
hydrophobic organic substrates that interact with the cage
surface (exterior or interior) can be oxidised by the resulting
high local concentration of reactive oxygen species, which will
be further facilitated by the fact that anionic ROS will accumu-
late around the 16+ cage for electrostatic reasons. In these
cases the cage therefore acts not only to co-locate substrate
(organic substrate) and reaction partner (oxidant), but also [via
the Co(ir)/Co(u) couple] to activate the oxidant, thereby partici-
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Fig. 1 Geometries of the My, Mg and My, cages, and the structural for-
mulae of the associated ligands, used in this work.

pating directly in the reaction cycle and not just acting as a
container.’

A specific example of this type of reactivity that we reported
recently was the oxidation of xanthene-based dyes such as flu-
orescein with peroxymonosulfate (PMS), catalysed by the Co,,
cage with a cuboctahedral geometry (Fig. 1);° this cage con-
tains four tritopic (face-capping) ligands and twelve ditopic
(edge-bridging) ligands, and has an internal cavity volume of
ca. 1100 A*.® We described the catalytic process as occurring
through the encapsulation of a dye molecule inside the Co;,
internal cavity, and generation of the reactive radical anion
SO,4™~ by the redox reaction of PMS with Co(u) ions in the cage
(egn (1)).1 The strong tendency of anionic species to accumu-
late round the cage surface®™ (the Co,, cage carries a 24+
charge) results in co-location of substrate and oxidant which is
the source of the catalysis.

Co®t + HSOs — Co*" +50," + HO™ (1)

Significantly, control experiments conformed that both (i)
binding of substrate by cage, and (ii) redox activity of the Co(u)
ions, were essential. Replacing Co(u) ions with Zn(u) ions in an
isostructural cage completely removed the catalytic effect. An
equal number of mononuclear Co(u) complexes of similar
redox potential - ie. removing the possibility of a complete
cage encapsulating the substrate - likewise removed most of
the catalysis.>”

In this paper we report a more extensive study into the
PMS-based oxidation of xanthene dyes catalysed by our octa-
nuclear cubic Mg cages.>* The smaller size of these compared
to the M;, cages means that interaction of the cages with the
dyes is necessarily at the external surface as the dyes cannot fit
inside the cavities. The Cog cage has been shown to bind mul-
tiple equivalents of xanthene dyes such as fluorescein (FLU,

i Note that SO,"~ does not oxidise the ligands used in the cages. Xanthene dyes
are particularly prone to oxidative degradation, hence their popularity for use as
substrates to monitor efficacy of advanced oxidation process.""
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Fig. 2 Structures of the xanthene-based dyes used in this work.

Fig. 2) at the anion binding sites on each face exterior
surface,” but cannot accommodate guests of that size inside
the cavity. As part of this work we have also varied the metal
ions used to include Fe(u) and Ni(u) to see the effect of having
different metal ions (with different redox properties) on the
catalysis which relies on initial activation of the PMS using the
M(u)/M(m) couple.

Importantly, the use of dye molecules - of this class and
many others - in industrial and large-scale processes is wide-
spread. In many cases, these dyes are acutely toxic to aquatic
life, meaning that waste water treatment for large scale pro-
cesses is an ongoing problem.'® Environmentally friendly oxi-
dants used in advanced oxidation processes, whose activity is
based on formation of reactive oxygen species, can result in
complete destruction of the dye with only water and carbon
dioxide produced from hydrocarbon dyes.'* PMS has recently
emerged as a more potent oxidant than hydrogen peroxide:
like H,O,, it requires an initial redox-based activation step -
often with a redox-active metal ion - to afford the reactive
radical anion SO,"~ as discussed above.®” Accordingly this is a
type of cage-based catalysis of potentially significant value and
it may be extendable to other substrates that are susceptible to
reaction with H,0, or PMS and which bind to (or within) the
host cage.

Results and discussion

Range of compounds used: cages, control complexes, and
substrates

The cage complexes used in this investigation are presented in
Fig. 1: these are cuboctahedral Co4,,%? cubic Mg (M = Fe, Co,
Ni, Zn)*>"* and tetrahedral Co, cages.'? Of these, full synthesis/
characterisation of Feg has not been reported before: it is pre-
pared in the same way as the regularly-studied Cog cage® and
relevant details are included in the ESI,} with the crystal struc-
ture of the new Feg cage being essentially identical to the struc-
ture of those with M = Co, Ni and Zn.

In addition simple mononuclear complexes [M(pypz-
Me);]** (denoted M;; M = Fe, Co, Ni, Zn, and based on a
known ligand'®) have been prepared (details in ESIf) to be
used for control experiments and electrochemical studies,

This journal is © The Royal Society of Chemistry 2025
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based on the fact that the metal ions are in the same coordi-
nation environment as those in the larger cages: accordingly
they should mimic the redox activity of metal ions in the
cages, but without any ability to encapsulate guests. Given the
inequivalence of the coordinating N atoms in the bidentate
ligand pypz-Me, these mononuclear complexes are formed as a
statistical (1:3) mixture of fac and mer isomers,"* as clearly
evident in some of the NMR spectra, and which precisely
matches what happens during assembly of the Mg cubic cages
which contain two fac tris-chelate and six mer tris-chelate
vertices.”“'*” Consequently these mononuclear complexes are
reasonable mimics of the metal vertices in the larger cages.
Crystals of [Co(pypz-Me);](BF,), incorporate only the mer
isomer: although one ligand is disordered over two orien-
tations, both components are meridional (see ESIT). In crystals
of [Zn(pypz-Me);](BF,), the positional disorder of ligands is
more severe so this is not reported in full, we just note that it
is isostructural with the Co(u) analogue and is clearly mono-
nuclear [Zn(pypz-Me);](BF,)s.

The xanthene-based dyes used in this study (Fig. 2) are flu-
orescein (FLU), 6-carboxyfluorescein (CFLU), eosin-Y (EY), rho-
damine-B (RB) and sulforhodamine-B (SRB). Both FLU and EY
exist as dianions in neutral aqueous solution; CFLU with its
extra carboxylic acid group can be a trianion. RB and SRB both
contain an iminium group rendering RB neutral and zwitter-
ionic in neutral solution; and SRB is anionic overall but with
charge imbalance over the dye (a cationic iminium group, and
two anionic sulfonate units). FLU and EY have both been
studied in the investigation on the catalytic activity of the Coy,
cage,’ and will therefore serve as points of comparison.

The range of cages, substrates and metal ions used allows
for investigation of three variables. In this work we have:

« used a single dye substrate (FLU) but a range of different
catalyst types containing 1, 4, 8 or 12 metal ions: what is the
effect of catalyst structure/nuclearity on oxidative dye
degradation?

« used a single cage (Cog) as catalyst to examine the effec-
tiveness of the catalysed oxidations with different xanthene
dye substrates: how do substrate properties such as charge and
hydrophobicity affect catalysis?

» used a single cage type (Mg) and single dye substrate
(FLU) but varied the nature of the metal ion in the cage [Fe(u),
Co(u), Ni(u), Zn(u)] to examine effect of metal ion redox pro-
perties on the cage-based catalysis.

Crystal structures of My cage/dye assemblies

To illustrate how the dye molecules can interact with the cage
exterior surface, we crystallised samples of the Nig cage in the
presence of EY>” and SRB™ (as their sodium salts) and per-
formed crystallographic analyses of the single crystals obtained
in which the dye anions had replaced some of the tetrafluoro-
borate anions. Of course crystal structures may not replicate
solution speciation but they are usefully illustrative.

The structure of Nig-EY contains EY>™ anions in the lattice
in spaces between cage complex cations, as these anions are
too large to occupy the cage cavity. The EY>™ anions occupy

This journal is © The Royal Society of Chemistry 2025
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two crystallographically different sites: this is illustrated in
Fig. 3 in which the EY?™ anions are coloured red or purple to
indicate the different crystal sites.

There are 1.7 EY>™ anions per Nig cage cation (which
carries a charge of 16+), with the anions coloured red having a
site occupancy of 1.0, and those in the alternate site (coloured
purple) having a site occupancy of 0.7. This leaves 12.6 tetra-
fluoroborate anions required per cage to balance the charge, of
which 10.45 could be accounted for during the refinement,
with the balance likely being a casualty of the extensive dis-
order of anions/solvent molecules which required use of the
solvent mask function to remove diffuse electron density that
could not be modelled. As usual, some of the BF,~ anions are
associated with the windows in the centre of the cage faces
where they are anchored by multiple CH-:-F hydrogen-bonding
interactions (see ESIf). The EY>~ anions are positioned so as
to lie close to and ‘embracing’ parts of the cage surface close
to the Ni*" ions, in the regions of highest positive electrostatic
potential around the cage vertices, where there are multiple
electrostatically-assisted supramolecular interactions (CH---x,
n---w and CH---O) between cage surface and anions (Fig. 4).

Similar behaviour was observed in the Nig-SRB complex
(Fig. 5 and 6). The SRB™ anions are all crystallographically
equivalent, with a site occupancy of 0.75; the asymmetric unit
of the structure contains half of the cage (which lies across an

Fig. 3 View of the crystal structure of Nig-EY with the two crystallogra-
phically inequivalent EY?~ molecules shown in different colours.

Fig. 4 Partial views of the structure of Nig:EY showing the interactions
of the anionic dye guests with the external surface of the cage around
the vertices (orange spheres are the Br atoms).

Nanoscale, 2025,17,17285-17293 | 17287
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Fig. 5 View of the crystal structure of Nig-SRB with the SRB™ anions
shown in darker colours than the cage for emphasis (S atoms coloured
yellow; O atoms coloured red).

Fig. 6 Partial views of the structure of Nig:SRB showing the interaction
of the SRB™ dye guest with the external surface of the cage and a fluor-
oborate anion in one of the surface portals. View (a) is looking down
onto one of the cage faces showing all of the SRB™ guest; (b) is edge-on
to the SRB™ guest showing the contact between the sulfonate groups
and the cationic cage surface.

inversion centre) as well as 0.75 SRB™ anions, such that the
balance is 1.5 SRB™ anions per complete Nig cage. This means
that there must be 14.5 fluoroborate anions of which 7.8 could
be crystallographically located, with the balance again being a
casualty of disorder/removal of diffuse electron density using a
‘solvent mask’ function.

As with the Nig-EY structure, the conformation of the anion
(substantial twist between the phenyl ring and the xanthene
core) facilitates a variety of close contacts between SRB™ and
the cage exterior surface, with the negatively-charged sulfonate
groups in particular participating in multiple CH---O hydro-
gen-bonding interactions close to a cationic cage vertex, of
which the shortest, between a methylene proton H(46F) and
sulfonate O atom O(43G), is 2.17 A. Conversely the cationic
NEt," terminus of SRB™ lies over one the portals in the face
centres, close to one of the surface-bound tetrafluoroborate
anions, such that there is evidence for weak CH---F inter-
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actions between an NEt," terminus of the dye and BF,~ [separ-
ations of C(27G) from F(13X) and F(15X) are 3.52 and 3.49 A
respectively]. This combination of interactions between SRB™,
the cage vertices, and the portal-bound anion results in the
SRB™ anion lying relatively flat to the cage surface, see Fig. 6.
We have shown in recent work how such close cage/dye inter-
actions can facilitate fast photoinduced electron transfer
between a dye donor (EY) that is bound to a Mg cage exterior
surface, and a naphthoquinone acceptor that is bound in the
cage interior cavity.'®

Effect of cage catalyst: catalysis of fluorescein oxidation using
different Co,-based cage sizes (n =0, 1, 4, 8, 12)

In our earlier initial work on redox-based catalysis, we estab-
lished that FLU>~ underwent complete oxidative decompo-
sition in minutes using the Coy, cage as catalyst in aqueous
solution with PMS as oxidant, which was facilitated by strong
(logK = 6.7) 1:1 cage:guest binding; a stoichiometry which
suggests that the FLU>~ substrate could bind inside the Coy,
cage cavity.>® Accordingly we were interested to see how this
compared with catalysis by the smaller Cog, Co4 and Co, com-
plexes under the same conditions. We also know from earlier
work that the Cog cage has the capacity to bind multiple
anionic dye molecules of this general type around its external
surface:? this binding is strong due to a combination of the
negative charge on the dye molecules, and their large hydro-
phobic surface area, with (for example) a 1: 1 binding constant
between FLU and Cog of 1 x 10> M™".§ As FLU is too large to
bind as a guest inside the smaller cavity of Cog (compared to
Co;,) this binding has to be association with the external
surface, in a way that we routinely see with smaller anions that
occupy the windows in the Mg cage surfaces.””'® Further
support for this came from a Job plot experiment which
showed that several FLU anions could bind to the surface of
each Cog cage (ca. 5:1, with similarly large values for related
dye molecules) when the molar ratio of components was opti-
mised for this: a stoichiometry completely incompatible with
cavity binding, which suggests that in solution that the
anionic dye molecules can associate with each face of the
cubic cage.’q

§ We note that the conditions under which the fluorescence quenching titrations
are done - with a substantial molar excess of Cog beyond the early stages of the
titration — means that guest molecules will be distributed across an excess of Cog
host molecules, such that fitting the curves to a 1:1 cage : guest stoichiometry is
justified, even if aggregates with different ratios are possible early in the titration
when the substrate is in excess (cf. Job plots); accordingly we only quote the 1:1
binding constants to one significant figure.

9In this new work the conditions for measuring binding constants are slightly
different from what was used in ref. 9 (solvent is 2% dmso/98% water rather
than pure water, to facilitate solubility of some of the cage catalysts, and there
are no substituents on the exterior of this Cog cage): but we checked that the
dye/cage binding is essentially unchanged. We confirmed strong binding for the
FLU/Cog combination (K = 1 x 10° M~" for the 1:1 binding constant, as before)
based on a fluorescence titration: and a Job plot experiment again confirmed the
possibility for multiple FLU dye units to aggregate around the cage surface, with
a maximum at a FLU : Cog ratio of ca. 4:1 being possible even at the low concen-
trations used (see ESIT).

This journal is © The Royal Society of Chemistry 2025
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In contrast we found no such strong interaction between
FLU and the smaller Co, cage: a fluorescence-based titration of
Co, into a solution of FLU, under the same conditions as used
for Coy, and Cog (10~ M concentration domain in 2% dmso/
98% aqueous buffer) showed very little quenching of FLU by
Co,4, indicative of a much weaker Co,/FLU interaction. We
suggest on the basis of this that strong binding of FLU to Coy,
is driven by 1:1 cavity binding; strong binding of FLU to Cog
is driven by association with the external surfaces where the
portals provide good H-bond donor sites to anionic guests; but
as Co, possesses neither of the necessary structural features to
bind FLU strongly (neither a significantly-sized central cavity
to encapsulate the guest, nor surface windows to provide a con-
vergent H-bond donor site) the Co,/FLU association is insignif-
icant in this solvent at the concentrations used.

Armed with this knowledge of relative affinities we can
understand the data in Fig. 7, which shows graphs plotting
disappearance of the absorption maximum of FLU at 489 nm
as a function of time, at concentrations of Co;,, Cog, Co, and
Co, catalysts as required to give the same total concentration
of Co(u) ions for the redox activation of PMS which is the ulti-
mate oxidant. There are some obvious conclusions that we can
draw from this based on knowledge of cage/guest binding
behaviour. Firstly, in the absence of any Co(u1) complex as cata-
lyst, oxidation of FLU by PMS is very slow due to the lack of
redox activation (dotted line). The mononuclear complex Co,
provides some redox activation: the catalysis associated with
this (green line) cannot involve any kind of guest encapsula-
tion in a cage, but it is likely that some modest degree of
FLU?7/Co, association can occur for electrostatic reasons to
bring the substrate close to where the SO, ions are generated.
The Co, cage performs similarly to Co, as a catalyst [for the
same overall concentration of Co(u) ions]: the reaction rate is
slightly faster at early times (steeper gradient of the purple line
compared to green in Fig. 7) and tails off later. Given the lack

------ no catalyst
— Co1 (60 mol%) — Cog (7.5 mol%)
——Co4 (15 mol%) — Co12(5 mol%)

0.0 800 1200 1600

time/s

400

Fig. 7 Normalised UV/vis absorption data showing destruction of FLU
(7.5 UM, Amax = 489 nm) by oxidation with PMS (45 eq.) over time with
no catalyst, Cosp (5 mol%), Cog (7.5 mol%), Cos (15 mol%) and Co,
(60 mol%), with cage concentrations adjusted to give the same concen-
tration of Col(i) centres in each case. Solvent was aqueous buffer con-
taining TWEEN-20 surfactant (see ref. 5a) at pH 7.
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of a strong interaction between Co, and FLU this general lack
of any improved catalysis by Co, compared to Co, for the same
concentration of Co(u) ions makes sense. Then we see better
catalysis and faster oxidative destruction of FLU*~ by Co,,, as
we reported earlier, based on strong 1:1 cage: guest binding
involving cavity encapsulation.>® Finally - the most interesting
observation - we see that the Cog cage is a substantially more
effective catalyst than Co;, with an initial reaction rate that is
~3 times higher for the same overall Co(u) ion concentration.
We attribute this to the ability of the Cog cage to bind multiple
FLU?~ guests around the exterior surface, at the anion binding
sites on the faces, as the Job plot experiment demonstrate
(ref. 9 and ESI{): this provides the possibility for each Cog cage
to assemble multiple substrates in the vicinity of the Co(u)
ions where redox activation of PMS is occurring and the reac-
tive SO,"~ species are generated. In the early stages of these
reactions, plots of In[FLU] vs. time show a linear decrease indi-
cating a reaction that is first-order in substrate (see ESIT); the
derived reaction rate constants are in Table 1, and it is clear
that Cog stands out having both the fastest initial rate as well
as the reaction proceeding furthest in the time window studied
(Fig. 7) and is therefore the most effective catalyst for redox-
based oxidative degradation of dyes of this type.

Effect of substrate: catalysis of oxidation of different dyes
using the same Cog cage

Given that the cubic Cog cage is clearly the best catalyst for
this reaction type from the series Co,/C0,/Cog/Co,, (Fig. 7), we
next extended the study on oxidative dye degradation to a
broader set of substrates shown above but using the same Cog
catalyst in each case, with the aim now of looking at effects of
differences in substrate structure. The binding behaviour of
FLU, CFLU and EY with a closely-related Cog cage was reported
in detail earlier,’] but RB and SRB have not been investigated
before in this context. Fluorescence quenching titrations per-

Table 1 First order reaction rate constants for dye degradation reac-
tions based on initial rate data from first 100 seconds using experimental
data shown in Fig. 7 and 8*°

Background,* Catalysed,? Relative
Catalyst Substrate 10%k/s™" 10%k/s™" increase
Co,y FLU 1.05 11.1 10.6
Coy FLU 1.05 16.6 15.8
Cog FLU 1.05 64.8 61.7
Coy, FLU 1.05 23.9 22.8
Cog CFLU 6.03 83.4 13.8
Cog EY 2.09 26.2 12.5
Cog RB 12.2 59.6 4.9
Cog SRB 20.4 121 5.9

% Conditions are given in captions to Fig. 7 and 8 [7.5 pM substrate, 45
eq. PMS, catalyst loadings varied as indicated to give same concen-
tration of Co(u) units]. ® Rate constants can be converted to second-
order on dividing by catalyst concentration, but to facilitate compari-
son for the same Co(u) ion concentration they have been left as first
order. “Rate for dye degradation in presence of PMS but with no metal
complex catalyst present. ¢ Background reaction rate subtracted in each
case.
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formed by adding portions of Cog to samples of these dyes
afforded binding constants (using Bindfit)'” of 5 x 10* M™* for
RB and 7 x 10* M™" for SRB, both slightly smaller than what
we measured with FLU, possibly for simple electrostatic
reasons given their smaller negative charges (0 and —1 respect-
ively). The hydrophobicity of the xanthene dye is a significant
additional factor in driving association with Cog,’ as we have
reported before with a range of different guest types,”™ includ-
ing diacetyl-fluorescein which bound strongly to the external
surface of a Cog cage despite being neutral.*” Job plots to
investigate the stoichiometry of possible aggregates between
Cog and the dyes RB and SRB™ confirm that, as observed
earlier with FLU, CFLU and EY, multiple dye units can
accumulate around the Cog cage surface under different mole
fraction conditions (see ESI for examplest).

Fig. 8 shows the time-dependent oxidative destruction of
the five different dye substrates using PMS as oxidant with Cog
as catalyst. In all cases there is an obvious and substantial
increase in reaction rate in the presence of Cog compared to
the much slower reactions in its absence (see for example
Fig. 7, dotted line). Again the early-time kinetic data is first
order in substrate (see ESIt): after subtraction of the uncata-
lysed background reaction rates (absence of Cog) in each case
we find initial rate accelerations compared to background
spanning the range of factors from 5 (for RB and SRB) to 62
(for FLU), see Table 1. Notably from Fig. 8 we can see that
destruction of FLU, CFLU and SRB approaches completion
fairly quickly, within ca. 600 seconds, whereas destruction of
EY and RB tails off more slowly with substantial amounts of
unreacted substrate remaining even after 2000 seconds.

This variation in extent and rate of reaction with different
substrates is interesting as it does not simply relate to any one
obvious parameter like guest charge. The least effective cataly-

N
o
Potels® T

0.0

0 400 800 1200 1600

time/s

Fig. 8 Normalised UV/vis absorption data for the relevant dye maxima
showing the destruction of FLU, CFLU, EY, RB and SRB (7.5 uyM in each
case) with PMS (45 eq.) over time with Cog as catalyst, at 7.5 mol% cata-
lyst loading. Solvent was aqueous buffer containing TWEEN-20 surfac-
tant (see ref. 5a) at pH 7.

17290 | Nanoscale, 2025, 17, 17285-17293

View Article Online

Nanoscale

sis, in terms of the extent of reaction which is <50% complete
after 30 minutes, is with the substrate EY: which might
suggest that electrostatic repulsion between the substrate
(2— charge) and the reactive species SO, ~ slows down the reac-
tion. However the other dianionic substrate FLU reacts signifi-
cantly faster, and also shows the greatest increase relative to
the background reaction, which undermines that suggestion.

A factor here could be that as the reaction is an exhaustive
oxidation of the dye, the electron-withdrawing Br atom substi-
tuents on EY make the xanthene core more resistant to oxi-
dation. Whilst the ground-state redox potentials for the first
oxidation of FLU and EY are similar to one another,'® this is
because they are localised in each case on the benzoate unit
which is pendant from the xanthene core and orthogonal to it,
such that the Br substituents have little electronic effect.'®”
However, subsequent oxidations of the xanthene unit will
necessarily be affected by the electron-withdrawing effects of
the Br substituents which are well known to make redox
potentials more positive, cf. the simple example of the series
ferrocene, bromoferrocene and 1,1'-dibromoferrocene whose
Fe(u)/Fe(ur) couples occur at +0.45, +0.63 and +0.76 V respect-
ively in MeCN vs. Ag/AgCL'® This effect plausibly accounts
for EY being the least reactive substrate in this set of
experiments.

SRB is the substrate which shows the most complete reac-
tion, with >95% dye destruction after <10 minutes, possibly
because the presence of only a single negative charge results
in less electrostatic repulsion with SO,"~ than was the case
with the dianionic substrates, though SRB also had the
highest uncatalysed reaction rate. If we believe that SO," /sub-
strate electrostatic repulsion has a significant effect, then by
that logic neutral RB should show the best catalysis: but this is
clearly not the case, and we note that RB has the weakest
binding to Cog of the whole set, so will have the smallest pro-
portion of any of the substrates brought into the reaction zone
around the cage surface of any of the substrates under the con-
ditions used.

Thus, inductive effects of substituents, and binding con-
stant of the dye to the catalyst (which in turn relates to charge
and hydrophobicity),” all play a role in determining the relative
reactivity of the different substrates with a given catalyst: with
the substrate that stands out most being EY with its resistance
to oxidation arising from the electron-withdrawing Br
substituents.

Effect of different metal ions in isostructural Mg cage catalysts

Given the obvious effectiveness of Cog as a catalyst for this oxi-
dative degradation reaction using PMS, and the fact that it
requires the Co(u)/Co(u) redox activity of the metal ions in the
cage to convert PMS to SO, ™, the last variable we considered is
the nature of the metal ion. Accordingly, we prepared the iso-
structural Feg/Nig/Zng cages to accompany the Cog cage [Cu(u)
does not form a similar cage structure]. Of these Feg is new but
isostructural with the others (see ESI}). The effectiveness of
the catalysis as the metal ion is varied across the isostructural
cage series is shown in Fig. 9.
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Fig. 9 Normalised UV/vis absorption data showing the destruction of
FLU (7.5 uM, Jmax = 489 nm) with PMS (45 eq.) over time with no cata-
lyst, Cog, Feg, Nig and Zng, all at 7.5 mol% catalyst loading. Solvent was
aqueous buffer containing TWEEN-20 surfactant (see ref. 5a) at pH 7.

The results are striking. We would not expect any catalytic
activity from Zng compared to the absence of cage, given the
impossibility of Zn(u)/Zn(m) redox activity, and indeed there is
none: but Feg behaves similarly. Nig affords very slightly higher
reactivity after a long period than background but the effect is
tiny. Cog stands out amongst this isostructural series as being
a uniquely effective catalyst for this reaction, and that must be
because (i) the Co(ir)/Co(m) redox process occurs at a potential
which aligns with what is required to activate PMS via a one-
electron reduction (eqn (1)), and (ii) it is reversible, allowing
for multiple redox cycles.

To check this we measured cyclic voltammograms of the
mononuclear model complexes Fe;, Coy, Ni; and Zn; in
MeCN: this is a convenient solvent for simple electrochemical
studies given its high potential window, and the redox poten-
tials of metal-centred redox processes are not expected to be
significantly solvent dependent when the metal ions are coor-
dinatively saturated. As these mononuclear complexes contain
the metal ions in the same coordination environment that
exists at the Mg cage vertices, down to the 3:1 mix of fac and
mer isomers,"" this experiment provides a convenient basis for
comparison between this set of metal ions. The CVs are shown
in Fig. 10.

The Zn(u) complex, as expected, shows no redox activity at
modest potentials and can therefore be used as a baseline for
comparison purposes. The Ni(un) complex shows an additional
non-reversible wave at ca. +1.8 V vs. Ag/Ag" which means that
Ni(u) in this complex is not an effective reductant. The Fe(u)
complex shows a very low-intensity wave around +1 V which
can be tentatively ascribed to an impurity given how weak it is:
the obvious main oxidation process, which is fully irreversible
due to the absence of any return wave, occurs at ca. +1.8 V vs.
Ag/Ag’. The Co(n) complex behaves distinctly differently with
an oxidation wave at ca. +1.5 V that is accompanied by a return
wave at ca. 0.5 V; we ascribe this pair to a chemically reversible
but electrochemically irreversible Co(u)/Co(m) process, with the
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Fig. 10 Cyclic voltammograms of the M; complexes (M = Fe, Co, Ni,
Zn) in MeCN/0.1M TBAPFg at a scan rate of 0.1 V sec™* using a boron-
doped diamond working electrode, Pt wire counter-electrode, and an
Ag/Ag* reference electrode. The horizontal arrows show the initial
potential sweep directions.

large additional wave at —1.4 V vs. Ag/Ag" possibly being an
irreversible Co(u)/Co(1) process. Thus Co, differs from the
other complexes in having a lower M(u)/M(m) redox potential
(i.e. the M** jon is a better reductant for activation of PMS
according to eqn (1)), and it also has the chemical reversibility
which is essential for multiple redox cycles and catalytic
turnover.

Finally, the obvious question arises as to how the catalytic
cycle is completed by reduction of Co(ur) back to Co(u). PMS
oxidation is mechanistically complex and can generate mul-
tiple by-products including peroxide and superoxide,** both of
which are capable of acting as reducing agents (generating
0,), which could plausibly provide a basis for completing the
catalytic cycle.””

Conclusions

This study has demonstrated the factors behind the effective-
ness of members of our Co(u)-based coordination cage family
at acting as catalysts for the peroxy-monosulfate based oxi-
dative degradation of a range of xanthene dyes. These factors
are (i) association of the dye ‘guests’ with the cage, either
internally (Coy, cage) or at the exterior surface (Cog cage); (ii)
the ability of the Co(u)/Co(m) couple provided by the metal
ions in the cage superstructure to activate PMS by converting it
to the reactive species SO, ; and (iii) the fact that the SO,
anions, which are not only generated at the cage surface but
also held close to it by the high positive charge of the cage,
will therefore be clustered around the bound dye molecule
guests. The cage therefore performs the multiple functions of
attracting substrates, generating the anionic reaction partner
using a reversible cage-based redox process, and holding sub-
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strate and reaction partner in close proximity to effect the
catalysis.

It is worth emphasising that this aligns with conceptually
related examples of the use of coordination cages in photo-
redox catalysis which combine guest binding by a cage; incor-
poration of a photosensitising unit into the cage/guest assem-
bly; and (as here) redox activity of components of the cage
superstructure, often metal ions.>* The Cog cage is the most
effective catalyst of this cage family for the PMS-catalysed oxi-
dative degradation reactions under investigation, due in par-
ticular to its ability to bind multiple anions around the
exterior surface. These results suggest multiple new avenues
of study for use of coordination cages in supramolecular
catalysis.
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