A

‘d
A4 Ce0e06

http://pubs.acs.org/journal/acsodf

Redox Potentials of Uranyl lons in Macrocyclic Complexes:
Quantifying the Role of Counter-lons

Mahesh Sundararajan™

Cite This: ACS Omega 2023, 8, 18041-18046 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information

ABSTRACT: Several uranyl ions strapped with Schiff-base ligands in the presence of redox-
innocent metal ions are synthesized, and their reduction potentials are recently estimated. The
change in Lewis acidity of the redox-innocent metal ions contributes to ~60 mV/pK, unit
quantified which is intriguing. Upon increasing the Lewis acidity of metal ions, the number of
triflate molecules found near the metal ions also increases whose contributions toward the redox
potentials remain poorly understood and not quantified until now. Most importantly, to ease the
computational burden, triflate anions are often neglected in quantum chemical models due to their
larger size and weak coordination to metal ions. Herein, we have quantified and dissected the
individual contributions that arise alone from Lewis acid metal ions and from triflate anions with
electronic structure calculations. The triflate anion contributions are large, in particular, for
divalent and trivalent anions that cannot be neglected. It was presumed to be innocent, but we here
show that they can contribute more than 50% to the predicted redox potentials, suggesting that
their vital role in the overall reduction processes cannot be neglected.

B INTRODUCTION

Nuclear energy is an indispensable energy resource for the
ongoing energy demand, but efficient waste management
processes of the spent nuclear fuel pose a major environmental
challenge.”” Uranyl ions, [UO2]**, possess high aqueous
solubility, and toxicity is a major problem that can contaminate
water resources.’ Anaerobic bacteria containing cyctochrome c7
proteins able to convert toxic U(VI) to nontoxic and insoluble

U(IV) form through reduction and disproportionation mech- Figure 1. [UO2]*" ion bound to a Schiff base ligand. Green, blue, red,
anisms.* In this direction, several macrocyclic ligands bearing cyan, and gray indicate U, N, O, Lewis acid metal ion, and C,
N- and O-donor ligands are synthesized that can selectively respectively. Hydrogens are removed for clarity.

6—10

extract uranyl ions in the presence of other interfering ions.
Lewis acidic metal ions are often used to stabilize the reactive

] ) i : potentials that arise from Lewis acids without OTf™ and with
intermediates of high valent metal ions and metalloen-

zymes."'=> Their nearby presence is presumed to tune the Lewis acids ar;d OTf™ counter-anions. Finally, the reduction
: i i pres s P potential of Y°" bound uranyl —1.29 V is lower by 110 mV
redox potentials of catalytically active intermediates. compared to those of Ca’* bound species, whereas the

Recently, the Blakemore group elegantly designed a Schiff corresponding pK, of the former is 4.6 units larger than that of
base ligand with an extended crown ether that can complex both the latter ion.

uranyl ions and Lewis acid metal ions. They reported the X-ray The X-ray structures of uranyl(VI) species with the counter-
crystal structures and one-electron reduction potentials of jons are known,'® whereas the corresponding (V) species are

several U(VI) complexes ,bound near t}.’e SChﬂi base  site lacking. Thus, to what extent the geometries are varied upon
anchored by different redox innocent metal ions (M"") strapped reduction is unclear from the experiments that warrant a need

to the crown ether as shown in Figure 1. They proposed that for a quantum chemical study. Ghosh and co-workers® noted
redox-inactive metal ions modulate the redox potentials of

uranyl complexes. The change in Lewis acidities of the metal
ions contributes to 60 mV/pK, unit which is intriguing. The X-
ray structures clearly show that triflate (OTf") counter-anions
are bound to M"*, but their contribution to the overall redox
potentials is not quantified.

To appreciate the Lewis acid contributions to redox potentials
of uranyl complexes, first it is mandatory to quantify the redox
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(~2.602 eV)

1-Na* 1-Na*(OTf)"
(=3.013 eV)

(-2.704 eV))

Figure 2. (a) Optimized structures (in A) and (b) LUMOs of 1, 1-Na*, and 1-Na*(OTf)~ (contour value = 0.04 a.u.). Values in parenthesis are

experimental bond lengths.

that Lewis acid presence lowers the redox active molecular
orbital (RAMO) of uranyl(VI) species which in turn reduces the
redox potentials, whereas the corresponding U(V) species are
never computed. It should be noted that for d-block elements, a
systematic density functional theory (DFT)-based protocol to
compute the redox potentials is reported.”' ~**

In this paper, we have systematically dissected and quantified
the crucial role of redox-inactive M"™ and OTf" ions through
electronic structure calculations. Apart from a few actinide
complexes,'” > the redox potentials were never computed at
the molecular level that reveals the complexitgr of the systems
such as the importance of counter-ions,”**” solvation, and
relativistic effects. A correlation between the pK,, vibrational
frequencies against the oxidation state, and the redox potentials
is quantified through our DFT calculations.

B RESULTS AND DISCUSSION

The uranyl bound Schiff base complex is labeled as 1, whereas
that with different counter-cations is labeled as 1-M"*, where
M™ denotes K, Na*, Ca?*, and Y*" ions. In the reported X-ray
structures, one to three OTf™ anions are found to neutralize the
charges carried by the redox innocent metal ions. These species
are labeled as 1-M™"(OTf)"". The representative optimized
structures of 1, 1-Na*, and 1-Na*(OTf") are shown in Figure 2.
The optimized structures of all species 1, 1-M", and 1-M"*-
(OTf )nin VI and V oxidation states are shown in Figures S1 to
S4, and the optimized structural parameters are shown in Table
SL.

The most notable geometric parameter to be analyzed is the
axial U=0 bond length. The computed U=0 bond lengths in
1is 1.81 A in close agreement with the X-ray value of 1.79 A.
Upon adding redox innocent metal ion in near vicinity with
increasing Lewis acidity, the U=0 bond length decreases from
1.81 to 1.79 A in line with the experimental variation from 1.79
to 1.77 A. This 0.02 A change in the bond length although
minimal is strongly reflected in the asymmetric stretching of the
U=0 bond as shown in Figure 3. The vasym of the U=0 bond
is 872 and 923 cm™' for 1 and 1-Y*' species, respectively. An

1.800 1.802 1.804 1.806 1.808 1.810 1.812 1.814 1.816

U=O0 bond length, A

Figure 3. Computed vibrational frequencies, cm™.

increment of 10 cm™" per metal ion with increasing Lewis acidity
is predicted from our calculations that provides new insights on
the geometric structures of Uranyl complexes.

In the X-ray structures of 1-M"*(OTf)" " species, we note that
several OTf™ molecules are found in near vicinity to the redox-
innocent metal ions. For Na* and K* ions, one OTf™ molecule is
noted, whereas for Ca?* and Y*" ions, one OTf™ and two OTf~
ions are bound to the Lewis acids, whereas one OTf is not
bound to them due to steric hindrance. Instead, solvent
molecules such as methanol and acetonitrile are bound to the
redox innocent metal ions. The unbound OTf™ hydrogen
bonded with the solvent molecules should be incorporated in
the calculations for reliable predictions of redox properties. We
have retained these solvent molecules and OTf™ anions in our
calculations and the optimized structures are shown in the SL

The presence of OTf anions modifies the geometric
parameters around the Lewis acid and the uranyl moiety in all
complexes. Particularly, we note that effects are larger for Ca**
and Y** analogs. In 1-M™ OTf" species, the shortening of the
U=0 bond length with varying M"* is noted as compared to
those of geometries with 1-M"" species. However, a small
reduction of U=0 bond length of about 0.01 A is noted.
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The geometries of Ca®* and Y* species are further scrutinized
in the presence of triflates only by removing the bound solvent
molecules. The optimized structures of hexa- and pentavalent
oxidation states of uranyl are shown in Figure S5. Compared to
the X-ray structures, the triflate alone bound species are
somewhat different to those of the mixed solvent and counter-
anions. For instance, the U—Ca®* and U-Y>* distances are now
shorter by more than 0.1 A compared to the X-ray structures.
Similarly, the OTf  anion binds Ca’* ion through the bidentate
coordination mode, whereas, in the X-ray structures, they are
monodentate. For 1-Y>*(OTf)*” species, we always note that
one of the OTf anion disassociates from the Lewis acid. Thus,
the OTf only bound structures of Ca®>* and Y*' are also
energetically high compared to those mixed solvent-counter-
anion bound species by more than 23.0 and 18.6 kcal/mol. Thus,
the role of solvent molecules is particularly important for highly
charged Lewis acids.

In terms of asymmetric U=O stretching vibrational
frequencies, the computed values increase by only 22 cm™
from 1 to 1-Y**(OTf"). Overall, the computed geometric
parameters of all species are in line with the X-ray data only in
the presence of both Lewis acid and OTf™ anions. Although this
may seem obvious, the presence of counter-ions has a
pronounced effect on the redox properties that will be discussed
below (vide infra).

Upon reduction, the axial U=0 bond length increases by
~0.03 A for all species as shown in Table S1, Figures S2 and S4.
Correspondingly, the U(V)---M"" distance decreases due to the
increased electrostatic interaction between the Lewis acid metal
ion and the reduced uranyl(V) moiety. This can be easily
understood as follows: Upon reducing U(VI) species, the gained
negative charge on uranyl is stabilized by charge transfer from
Lewis acids metal ions.

The added electron goes to the lowest unoccupied molecular
orbital (LUMO) of U(VI) that has a dominant f-character
indicating a metal based reduction, and the Schiff base ligand is
redox innocent. The presence of M"" and OTf™ ions has a
dominant effect on the RAMO that is primarily the LUMO of an
f-orbital as shown in Figure 2b. For instance, the RAMO of 1-
Na* and 1-Na*(OTf") is stabilized by —0.41 and —0.10 eV
compared to 1. Upon increasing the Lewis acidities of M"", the
RAMOs are further stabilized as shown in Figure 4.

The above figure illustrates the presence of Lewis acid metal
ions overstabilizes the RAMO drastically from —2.60 eV for 1 to
—4.10 €V for 1-Y**. Thus, the vicinity of Lewis acid metal ions
changes the relative RAMO energies by 1.50 eV, whereas the
experimentally observed reduction potential varies by only
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Figure 4. Change in relative RAMO energies (in eV) with increasing
Lewis acidities and counter-anions.

—0.36 V. In the presence of OTf  anions, the RAMO energies
vary by only 0.49 eV that is in line with the experimental data.

We have computed the binding affinities of OTf™ anions to 1-
M"* species as shown in Table S2. As expected, the binding of
OTf™ anions is highest for 1-Y>" and least for 1-Na* for both
hexavalent and pentavalent oxidation states. These variations
clearly indicate the importance of incorporating OTf™ anion for
the accurate prediction of redox potential. Hence, direct
computation of reduction potentials of all five species with
and without the OTf ions will directly reveal the M"* and OTf~
contributions to the overall redox potential.

In Table 1, we show the computed reduction potentials of all
five species in the presence of M"" and OTf™ and compared
them against the experimental data (standard, Fc/Fc*).
Compared to experimental data of —1.54 V, our predicted
redox potential of 1 is slightly underestimated by just 21 mV that
is typical with computational methods. The presence of Lewis
acid metal ions alone drastically increases the redox potential
from —1.26 V for 1-K* to —0.25 V for 1-Y*". This is not
surprising due to their relative RAMO stability as indicated in
Figure 4. The reported experimental redox potential is for the
whole species that includes triflate anions and not just for the
Lewis acid. The computed value for 1 is within 21 mV, whereas
for the other species, the computed errors are huge (by more
than 1000 mV for 1-Y** ion) which indicates some important
contributions are missing in this model. The increased
stabilization can be attributed to the large stabilization of
RAMO as shown in Figure 4.

The presence of OTf™ bound to M"* stabilizes the RAMO to a
lesser extent compared to M"" and thus the predicted redox
potential varies from —1.39 to —1.10 V only. Our computed
values for all four species are in excellent agreement with the
experimental values of —1.36 to —1.29 V. Unlike 1-M"" species,
where the RAMO’s are overstabilized, the incorporation of
OTf™ anions stabilizes the LUMO of 1 but only moderately
leads to the accurate prediction of redox potential.

For all five species, our computed redox potentials are well
reproduced by our calculations only in the presence of M™
supported by OTf". To quantify M"" and OT{™ ions, we have
computed the percentage error of the computed redox
potentials with respect to the experimental data as shown in
Table 1. For K" and Na" ions, the computed redox potential is
overestimated by 7 and 12%, whereas in the presence of both
metal ions and a triflate anion, the computed potential are within
2% to the experimental value. Thus, the effect of triflate anion
contributes to S and 10% for K* and Na*. For the divalent Ca**
ion bound near the uranyl, the redox potential is overestimated
by 41%, whereas the presence of two triflate anions brings back
the redox potential within 35 mV to the experimental value.
Thus, the overall contribution arising from two OTf™ is ~38%.

Experiments were carried on two trivalent ions, namely, N3
and Y** ion and their redox potentials are estimated to be —0.98
and —1.29 V, respectively, whereas their corresponding pK, of
the two ions is similar (~8 pK, units). In fact, the experimental
potential of Y** is lower than the Ca®* by 0.11 V and for Nd**
ion, the value is higher by 0.2 V that is inline with the
experimental pK, trends as shown in Figure S. Our computed
redox potential in the presence of Y** ion and with both counter-
ions is —0.29 and —1.10 V. Our computed values have an error
of more than 1 and 0.69 V with respect to Y** and Nd*" ion,
whereas upon adding three OTf ions, the computed values are
overestimated by 0.2 V and underestimated by 0.1 V,
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Table 1. Computed Redox Potential (AE,), V, Percentage Error in Redox Potential without and with Counter-Ions, and the

Computed DFT Error against the Experimental Value in mV

computed AE, expt, AE, percentage contribution of counter-ions computed error from expt, AE,
M™ M"™ & OTf~ M™ M" & OTf" OTf™ M™ M" & OTf"
1 —1.561 —-1.54 0 =21
1-K* —1.261 —1.391 —1.36 7.3% 2.3% 5.0% 99 =31
1-Na* —1.159 —-1.293 -1.32 12.2% 2.0% 10.2% 161 27
1-Ca** —0.701 —-1.215 -1.18 40.6% 3.0% 37.6% 479 =35
1Y —0.288 ~1.099 ~1.29 (-0.98)" 77.7% (29.9%) 14.8% (12.1%) 62.9% (17.8%) 1002 (692) +191 (~119)

“Values in parentheses are for the corresponding uranyl complex with Nd** complexes as redox inactive metal ion.

pKa of Y L

1K Na* Ca*
16 14.8 12.6 8.3

1.1 |

.
.
o

Redox potentials, V

-1.5

Figure S. Relationship between pK, and redox potentials (in V). Dotted
and straight lines indicate computed and experimental values,
respectively.

respectively. Thus, OTf™ alone contributes more than 50% to
the net redox potential that is not negligible.

It should be noted that unlike the computation, it is difficult to
partition the redox potential that arises alone from Lewis acid
and from both Lewis acids and counter-ions. The experimental
pK,’s of Ca>* and Y** ions are 12.6 and 8.3 units, whereas the
experimental redox potentials are —1.18 and —1.29 V as shown
in Figure 5. The redox potential of 1-Y** ion should be larger
than that of the corresponding 1-Ca®* ion, whereas the
estimated values are —1.29 and —1.18 V for 1-Y>* and 1-Ca**
that do not correlate with the pK, trends. Based on DFT
calculations, we predicted —1.21 and —1.10 V for 1-Ca®* and 1-
Y?", respectively, that nicely matches with the RAMO energies
and pK, of Ca** and Y** (or Nd**) ions. To further justify our
claim, the Blakemore group28 reported the M"" modulation of
the redox potential of Ni(II/I) complexes with the identical
Schiff base ligand framework. The estimated redox potentials of
Ni-Y*" and Ni-Ca®* complexes are —1.22 and —1.42 V with the
Fc/Fc" reference electrode which nicely matches with the pK,
trends. Similarly, Reath et al. also noticed that pK, and redox
potentials vary systematically in Cobalt Schiff base complexes.”’

Finally, the Mulliken charge on U decreases in the presence of
Lewis acid and counter- anions. The net charge on U decreases
from 1.014 e in 1 to 0911 e in 1-M""(OTf )n. These
variations clearly indicate that the counter ions stabilizes the
uranyl ion as shown Table S3 and Figure S6.

B CONCLUSIONS

Several reactions including small molecule activations are
dictated by their redox potentials that are difficult to predict at
the molecular level. For a heavy metal ion like uranyl, it is even
more challenging due to the lesser known speciation of U(V)
species. In this paper, we report the first and accurate prediction
of redox potentials of five uranyl complexes and quantified the
contributions that arise from M"* and OTf™ ions. Our predicted

redox potentials have error bars within +35 mV for 1, 1-K*, 1-
Na', and 1-Ca®" species, and 120 mV for 1-Y*" ion is the best
that has been computed so far. As OT{™ anions are often used to
stabilize several reactive intermediates, its contribution just as a
cation neutralizer should be revisited in the future.

B EXPERIMENTAL SECTION

We have constructed the geometric models of the five uranyl
species derived from the reported X-ray structures.'” We have
carried out two sets of calculations. In the first set, all counter-
anions and solvents are removed, whereas, in the second set, all
counter-anions are retained. Both geometry optimizations and
vibrational frequency computations are carried out using DFT.*
DFT calculations were carried out as implemented in the
TURBOMOLE 7.2 version of ab initio quantum chemistry
program.’’ Geometry optimizations were performed with BP86
functional’>** including Grimme’s D3 dispersion correction””
with Becke—Johnson damping factor (D3-BJ).*”> All atoms
except U are represented using the def2-TZVP basis set.*® For
U, a def-TZVP basis set and the core electrons are treated with a
small core pseudopotential (Z = 60). The calculations are
accelerated using a resolution of identity (RI) approximation by
incorporating the corresponding auxiliary basis set. Analytical
vibrational frequencies within the harmonic approximation were
computed with the abovementioned basis sets to confirm proper
convergence to well-defined minima. Standard approximation
was used to obtain zero-point vibrational energy and entropy
corrections. We obtained solvation energies using the optimized
gas-phase structures from the COSMO solvation model with
dielectric constant & = 35.46 (acetonitrile) using the default
radii. Single point calculations are carried out with the M06
functional.

The energy components have been computed with the
following protocol. The free energy in solution phase G(sol) has
been calculated as follows:

G(sol) = G(gas) + G* (1)
Glgas) = Higas) — TS(gas) @
H(gas) = E(SCF) + ZPE (3)

AG(sol) = Z G(sol) for U(V) — Z G(sol) for U(VI)

(4)
G(gas) is the free energy in the gas phase; GV is the free energy
of solvation as computed using the continuum solvation model;
H(gas) is the enthalpy in the gas phase; T is the temperature
(298.15 K); S(gas) is the entropy in the gas phase; E(SCF) is the
self-consistent field energy, ie., “raw” electronic energy as
computed from the SCF procedure and ZPE is the zero-point
energy. Note that by entropy here we refer specifically to the
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vibrational/rotational/translational entropy of the solute(s); the
entropy of the solvent is incorporated implicitly in the
continuum solvation model.

We have earlier used this computational strategy for several
systems and their agreement with experiments is satisfac-
tory.””** Chimera 1.12¢™ is used to plot the molecular orbitals
(iso value of 0.05).

Redox potentials are calculated using the following equations,
reference electrode:

AGsoln(Fc) = AGsoln([Fc] — [Ec']) (5)
Uranyl Redox Potential:

AGsoln(1) = AGsoln[1]” — AGsoln [1] (6)
Raw E° = AGsoln(Fc) — AGsoln(1) (7)

Corrected E° for multiplet effects = Raw E° — 0.31 (8)

Based on multireference calculations, Hay and co-workers
reported the multiplet effects of U(VI/V) species to be —0.31
eV.”>*" We have used this value to correct the raw redox
potential. In Table S4, we have shown the redox potentials of 1
with different density functionals that are commonly used.
Among the five DFs, the M06 functional predicted a value of
—1.56 V close to the experimental estimate of —1.54 V within
100 mV. We have earlier shown that the M06 functional predicts
vertical and adiabatic detachment energies of uranyl complexes
in close agreement with electron spray ionization photoelectron
spectroscopic techniques.”® All other four functionals under-
estimate the redox potential by more than 500 mV. Thus, the
MO6 functional is used throughout the computation of
reduction potentials. It should be noted that we have also
computed the redox potential of 1 with the larger basis set (def2-
QZVP). We find that the computed potential is found to be
—1.563 V that is similar to those we predicted with the def2-
TZVP basis set. Thus, we have used the def2-TZVP basis set
throughout.

Dedicated to Prof. Ponnambalam Venuvanalingam and Prof.
Ian H. Hillier for their 70th and 80th birthdays.
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