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The fundamentals of switchable actinide—ligand binding modes are central for designing new platforms for
addressing challenges associated with, for example, isolation of pure radiological daughters for nuclear
medicine or methods for efficient nuclear stockpile recycling. This study is the first to report actinide
binding modes controlled by an external stimulus via photochromic moieties, realized through probing
thermodynamics and kinetics aspects, including changes in photoswitch isomerization constants upon
metal coordination and enthalpies associated with the synergistic actinide—switch photochromic
processes. A comprehensive analysis of the presented concept was executed through evaluation of data
acquired through a multivariate strategy involving isothermal titration calorimetry, crystallography,

spectroscopy, and theoretical modeling on the example of actinide-containing compounds based on
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within a metal—-organic framework (MOF) matrix for the first time. Overall, the presented concept could
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Introduction

Stimuli-responsive platforms that take advantage of cooperative
interactions between molecular “switches” and metal cations
could allow for the development of the next generation of on-
demand catalysts, optoelectronic devices, or multivariable
sensors."™ These applications take advantage of significant
changes in molecular properties of photochromic metal-ligand
interactions (e.g;, metal-photoswitch binding strength or
optical profile) upon isomerization of a stimuli-responsive
fragment between two (or more) distinct states.'*** For
instance, the class of spiropyran derivatives is known to exhibit
stimuli-responsive cation binding associated with isomeriza-
tion from the neutral spiropyran isomer to the zwitterionic
merocyanine form (Scheme 1).*>* Even though the described
advantages of cation binding and release via external stimuli
could be expanded to f-block elements, there are currently no
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confront current and upcoming challenges in f-block chemistry.

studies that target stimuli-responsive actinide (including
transuranics) coordination and/or demetallation. For example,
key thermodynamic and kinetics aspects that govern the
behavior of photochromic actinide-switch platforms are lack-
ing in the literature (Scheme 1). In particular, the binding
strength between photochromic compounds and actinides
dictates the selectivity and reversibility of actinide-switch
coordination.’*?* To the best of our knowledge, there are no
reports of binding constants for actinide-photochromic mole-
cule interactions. Moreover, there are only three reports on
binding constants describing photochromic molecules’ inter-
actions with non-radioactive metals in general®™* while the
kinetics of actinide-switch systems have never been reported
before (Fig. 1).

This study represents the first report of actinide binding
modes controlled by an external stimulus via photochromic
moieties, realized through probing thermodynamics and
kinetics aspects, including changes in photoswitch isomeriza-
tion constants upon metal coordination or enthalpies associ-
ated with the synergistic actinide-switch photochromic
processes. We also report the first X-ray crystal structure
demonstrating binding between a photochromic molecule and
actinide. Moreover, we build a conceptual understanding of the
thermodynamic and kinetic aspects underlying photoswitch-
directed actinide binding and release modes (Scheme 1)
through a combination of isothermal titration calorimetry (ITC)
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Scheme 1 (Top) photoisomerization kinetics of a stimuli-responsive

spiropyran derivative in the absence (blue) and presence (red) of
actinides studied by UV-vis spectroscopy. (Bottom) thermogram ob-
tained through isothermal titration calorimetry used in this work for
estimation of Gibbs free energy, enthalpy, and entropy of stimuli-
responsive actinide binding.

experiments and UV-vis spectroscopic studies, as well as X-ray
crystallography and theoretical modeling. We report the first
thermodynamic parameters, including Gibbs free energy,
enthalpy, and entropy of actinide-photoswitch binding as
fundamental characteristics of the interactions between

mthis work (U)
mthis work (Th)
m this work (Pu)
| @this work (Ce)
v mthis work (Nd)
i mthis work (Zn)
Ln g o v Eu (L1)

] v Zn (L2, L3)

TM+ v B

T T T

T T
107 10°
binding constant, M’

232Th 233U 239Pu
>1560,000% more radioactive than 2°2Th
radioactivity

Fig. 1 Analysis of all binding constants obtained in this work (filled
squares) and literature (unfilled triangles) for photochromic molecules
and actinides (red), lanthanides (green), and transition metals (blue).
The specific values and ligands are presented in Table 1. The red arrow
demonstrates the relative radioactivity of the specific isotopes used in
the presented work.
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photochromic molecules and actinides (e.g., U and Th) evalu-
ated through ITC. Furthermore, we probe the binding constants
between spiropyran derivatives and transuranic Pu(iv) species
spectroscopically, providing a method to monitor both aspects,
actinide binding and spiropyran photoisomerization, simulta-
neously. We evaluate the photoisomerization kinetics of spi-
ropyran-actinide complexes, effectively shedding light on the
impact of metal cation coordination on the binding and
demetallation dynamics driven by stimuli-responsive ligands.
Importantly, this report is currently the only analysis of both the
thermodynamics and kinetics of stimuli-responsive actinide
binding, which are two inseparable and equally important
factors that govern the feasibility of photochromic material
design for the nuclear sector. Finally, we translate the funda-
mental knowledge regarding thermodynamic and kinetics
aspects of discrete molecular systems acquired in solution to
the design of stimuli-responsive extended structures (e.g.,
metal-organic frameworks (MOFs)***°) for on-demand actinide
coordination, providing a pathway for transitioning from
solution-based fundamental studies of actinide capture toward
strategic design of functional materials.

Overall, these studies lay the conceptual groundwork for
understanding the thermodynamic and kinetic patterns that
could dictate future applications involving actinide-photo-
switch binding modes, for instance, for the development of
versatile and modular platforms that could control actinide-
related processes on demand.

Results and discussion

To gain the necessary fundamental thermodynamic and kinetic
insights on stimuli-responsive platforms capable of “on-
demand” coordination and release of actinides, we first
explored photoswitch-metal cation interactions that included
commonly accessible actinides, non-radioactive surrogates, as
well as highly radioactive transuranic species.

The selection of the specific photochromic moiety allowing
for control of metal coordination via an external stimulus was
based on its ability to (i) rapidly and reversibly photoisomerize
between discrete states that (ii) possess significantly different
binding affinities for metal cations. As a result, we focus on
spiropyran derivatives that can undergo rapid photo-
isomerization to a charge-separated merocyanine form upon
exposure to UV irradiation, thereby satisfying criterion (i). At the
same time, the zwitterionic merocyanine isomer can form
strong coordination bonds with metal cations, as previously
shown on the examples of its interactions with some transition
metals™* and, therefore, satisfies the second criterion (ii).
Thus, photoisomerization under UV excitation results in the
formation of a zwitterionic merocyanine form, capable of metal
coordination (Fig. 2) while the release of corresponding metal
cations could be achieved upon merocyanine-to-spiropyran
photoisomerization under visible light.'>* Overall, the rapid
transitions between spiropyran and merocyanine states and the
ability to bind metal cations provide the rationale for the
exploration of the thermodynamic and kinetic aspects associ-
ated with spiropyran-actinide systems (vide infra).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (Top) schematic representation of spiropyran derivative pho-
toisomerization within a UiO-67 MOF upon exposure to UV or visible
light. The structures of the corresponding organic linker (gray rod) and
metal node (white sphere) are shown. The blue polyhedra, as well as
the gray and red spheres, represent zirconium, carbon, and oxygen
atoms, respectively. (Bottom) X-ray crystal structures of SP-COOH
and MC-COOH, demonstrating the change in the length of the
molecular backbone upon photoisomerization. The gray, red, and blue
ellipsoids represent carbon, oxygen, and nitrogen atoms, respectively.
Hydrogen atoms have been omitted for clarity. Displacement ellip-
soids are drawn at the 80% probability level.

Spiropyran derivatives (1',3',3'-trimethyl-6-nitrospiro[chro-
mene-2,2"-indoline] (SP) and 1/,3',3'-trimethyl-6-nitrospiro
[chromene-2,2'-indoline]-5'-carboxylic acid (SP-COOH); Scheme
1 and Fig. 2 and 3) were employed for probing their stimuli-
responsive behavior toward actinide cations. In particular, SP
(Fig. 3) was used to probe actinide coordination in solution
while SP-COOH (Fig. 2), containing a carboxylic acid in its
structure, was selected for promoting the anchoring of the
photochromic unit to unsaturated metal nodes of the MOF
extended structure, ie., for studies of actinide binding to
photochromic derivatives in the solid state.'®*°

Synthesis of selected SP-COOH was carried out using a re-
ported literature procedure.’® For SP-COOH integration, a Zr-
based MOF, ZrsO,(OH),(BPDC), (BPDC’>~ = 4,4'-biphenyldi-
carboxylate; UiO-67, UiO = University of Oslo), was selected due
to (i) appropriate pore size (12.7 x 16.2 x 19.7 (diagonal
dimension) A, Fig. S361)** suitable for accommodation of SP-
COOH (13 x 2.7 A), (ii) relatively broad chemical and thermal
stability,** and (iii) presence of defect sites (i.e., missing linkers
resulting in unsaturated metal nodes, Fig. 2) suitable for SP-
COOH coordination.****

Preparation of UiO-67 was carried out using a literature
procedure,* and corresponding photochromic UiO-67 + SP-
COOH was synthesized by heating a sample of parent UiO-67 in
an N,N-dimethylformamide (DMF) solution of SP-COOH (60
mM) at 75 °C for three days to promote anchoring of SP-COOH
to the defect sites of UiO-67 (see more details of synthesis and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (Top) the single-crystal X-ray structure of MC coordinated to

a uranyl cation. The presence of NOz™ is due to the UO,(NOx3), salt
used for crystal growth. The gray, blue, red, and orange ellipsoids
represent carbon, nitrogen, oxygen, and uranium atoms, respectively.
Hydrogen atoms are omitted for clarity. Displacement ellipsoids are
drawn at the 80% probability level. (Bottom) baseline-corrected ITC
thermograms and integrated heat responses resulting from titration of
a metal salt (UCl, or ThCly) solution (0.25 mM, 2.5 pl injection in EtOH)
into a pre-irradiated MC solution (1 mM, 350 pL). The inset shows the
calculated thermodynamic parameters associated with the best-fit
curves shown.

material characterization in the ESIt). After the UiO-67 + SP-
COOH synthesis, a thorough washing procedure using a Soxhlet
apparatus was employed to remove any uncoordinated photo-
chromic molecules from the MOF pores and surface prior to
further characterization.

The prepared UiO-67 + SP-COOH samples were analyzed by
powder X-ray diffraction (PXRD, Fig. S4f) to ensure that the
sample maintained its crystallinity for the duration of the
experimental procedures. Further, the amount of SP-COOH
installed in the MOF was analyzed by 'H nuclear magnetic
resonance (NMR) spectroscopy performed on the digested
(destroyed in the presence of acid) MOF samples (Fig. S57).
More detailed information is provided in the ESL{

Isothermal titration calorimetry

As a starting point for thermodynamic studies of merocyanine
(MC)-actinide systems, we evaluated Gibbs free energy (as well
as the binding constants) for MC-actinide (MC-M"") interac-
tions through ITC studies (Fig. 3). ITC has emerged as
a powerful technique for studying the thermodynamic aspects
of molecular interactions, including metal-ligand binding, over
the past several decades.*** More importantly, ITC allows for

Chem. Sci., 2025, 16, 14115-14126 | 14117
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direct quantification of the heat exchange during molecular-
level interactions, offering comprehensive insights into the
thermodynamics of molecular associations involving proteins,
nucleic acids, and small molecules, unlike UV-vis spectroscopy
which can indirectly infer binding parameters.®~** Despite the
advantageous data that could be acquired through ITC studies,
there is a large gap in the study of binding interactions between
photochromic molecules and metal cations using ITC experi-
ments. For example, only very few studies®® have imple-
mented ITC to evaluate parameters for just photochromic
molecules themselves. However, there are no reports of utilizing
ITC to probe interactions between photochromic molecules and
any metals to date. We envisioned that the use of ITC experi-
ments could be significantly expanded as a valuable technique
to measure the binding constants, AH, and AS of MC-actinide
cation interactions, which are critical parameters for a funda-
mental understanding of the role of photochromic molecules in
controlled binding and release of actinides, and these studies
are a first step toward this direction.

The experimental setup for ITC experiments (explained in
more detail in the ESI) involved the titration of metal species in
ethanol (EtOH) into a sample cell containing a 1 mM EtOH
solution of SP. The choice of a polar protic solvent such as EtOH
for the ITC studies was dictated by two factors: (i) the solubility
of the actinide cations and (ii) the necessity of stabilizing the
desired MC isomer for actinide coordination via solvent-pho-
toswitch electrostatic interactions (e.g., hydrogen bonding
between EtOH and MC) to promote MC-actinide binding.**°

To induce the formation of MC and facilitate MC-M""
interactions, the SP solution was irradiated for 10 minutes at
365 nm before the measurements were taken, and the subse-
quent titrations were performed in the dark in a closed sample
cell to prevent exposure to visible light for the duration of the
ITC experiments. A solution of, for instance, UCl, (0.25 mM)
was prepared in a titration syringe for incremental injection
into the sample cell. To ensure that the heat changes measured
during the ITC experiments were solely due to the binding of the
metal cation to the photoswitch, we conducted control titration
experiments that involved studies of EtOH:--EtOH, metal salt---
EtOH, and EtOH:---MC interactions. Indeed, the latter experi-
ments did not show pronounced heat exchange effects above
the background level (Fig. S6-S971).

The thermograms obtained from the titration of MC with the
prepared UCl, solution revealed negative peaks, indicating that
the binding process is exothermic (Fig. 3). As a result of the
independent model thermogram fitting based on the Langmuir
model describing binding at identical independent sites, we
were able to evaluate the MC-M"" binding constants, Gibbs free
energy, enthalpy, and entropy for these processes for the first
time. The relatively high ITC-derived binding constant of 1.9 x
10°> M~ for MC-U(wv) indicates favorable binding between MC
and uranium cations (Table S27).

To confirm the validity of the acquired data, we also carried
out a number of control experiments. For instance, we consid-
ered that exposure of UCl, to air could potentially result in
oxidation of U(v) to U(vi), resulting in uranyl cation formation.”
To address this possibility, we monitored changes in the
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absorbance profile of the used UCI, solution (0.25 mM in EtOH)
over time by UV-vis spectroscopy. In particular, we monitored
the potential changes in absorbance at 424 nm corresponding
to w—mv* transitions of uranyl cations, i.e., associated with uranyl
cation formation.” After mimicking the experimental condi-
tions by exposing the U(wv) solution to air for two and even four
hours, no changes in the absorbance profile of UCl, in the
solution were detected. This allowed us to conclude that the
oxidation state of U(v) was most likely preserved during the
timeline of the ITC experiments.

In the next step, performing similar titrations of ThCl, with
an MC solution in EtOH yielded a binding constant of 9.1 x 10*
M™! (Fig. 3). The binding constant obtained in the presented
studies is consistent with the results of the other ITC
measurements performed to analyze interactions between
thorium cations and non-photochromic compounds.” For
instance, the binding constant of Th** to a commercial-grade
solvent extraction reagent (Cyanex 301) estimated in a micelle
solution was found to be 1.9 x 10* M~".* Overall, the reported
values of binding constants estimated for coordination of Th(wv)
and U(v) to photochromic MC species estimated using ITC
measurements are in agreement with the values reported for the
actinides across both synthetic and biological systems.”"”> The
ITC experiments also allowed us to evaluate the contributions of
AH and AS to AG. Uranium(wv) cation coordination to MC is
spontaneous based on an estimated negative value for AG
(—30.08 kJ mol™"), and the binding interaction is driven by
a negative AH value (—98.45 k] mol ). The slightly lower
binding constant determined for ThCl, compared to UCl, is due
to its less favorable enthalpy of the binding process (AH =
—56.47 k] mol ). In the case of MC-Th(wv) interactions, the less
negative enthalpy is incompletely compensated by a less nega-
tive entropy, leading to a less negative AG = —28.31 k] mol . A
comprehensive summary of all thermodynamic parameters
derived from the presented ITC experiments is given in Table
S2.+

Photoisomerization and metal coordination/demetallation
kinetics via UV-vis spectroscopy

As a next step, we evaluated both the kinetics and thermody-
namics of the discussed MC-M"' interactions using UV-vis
spectroscopy studies to allow for simultaneous monitoring of
two subsequent processes: (i) the merocyanine-to-spiropyran
photoisomerization and (ii) the metal cation chelation to the
in situ generated merocyanine isomer. Real-time monitoring of
both processes (i and ii) is plausible since spiropyran, mer-
ocyanine, and merocyanine-based metal complexes exhibit
significantly different absorbance profiles that could be distin-
guished through spectroscopic analysis.””* As a result, UV-vis
spectroscopic data can provide support for the formation of
coordination bonds between the negatively charged oxygen of
MC and metal cations, as well as shed light on the kinetics of
the corresponding processes (Fig. 4). Both of these aspects
cannot be proven directly by ITC experiments. Moreover, the
binding constants determined through UV-vis spectroscopic
methods could serve as a reference point (ie., control

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (Top) a schematic representation of a stimuli-responsive spi-
ropyran derivative before and after binding to a radioactive metal
cation. (Middle left) UV-vis absorbance spectra of SP (3 mM in EtOH)
upon exposure to a 365 nm excitation wavelength for 30 s to promote
MC formation followed by exposure to white light (A, = 400-900
nm). (Middle right) UV-vis absorbance spectra of SP (3 mM in EtOH)
with UO,(NOs), (3 mM in EtOH) upon exposure to a 365 nm excitation
wavelength for 30 s followed by exposure to white light (1ex = 400—
900 nm). The hypsochromic shift in the absorbance profile is
consistent with complex formation. (Bottom left) plot demonstrating
the change in absorbance of SP after exposure to a 365 nm excitation
wavelength for 30 s followed by exposure to white light (1ex = 400—
900 nm). Data fitting (blue line) with a first-order exponential decay
equation resulted in a photoisomerization rate constant (k) of 0.25 s~
(Bottom right) plot demonstrating the change in absorbance of MC
with UO,(NO3), after exposure to a 365 nm excitation wavelength for
30 s followed by exposure to white light (Aex = 400-900 nm). Data
fitting (red line) resulted in k = 0.11 s~* for the MC-UQO,2* complex.

experiments) that allows for placing the experimental values
determined in this work in perspective with other binding
constants reported in the literature, for instance, for some
transition metals.”»”* Notably, none of the published binding
constants relate to interactions between actinides and stimuli-
responsive (photochromic) molecules, and therefore, we used
non-radioactive metals (e.g., zinc) in our control experiments.
Thus, the selected series of metal salts include radioactive
compounds (e.g., ThCl,, UCl,, and UO,(NOj3),) for evaluation of
the binding constants between merocyanine and the related
actinide as well as non-radioactive cations, such as Zn(u), Ce(ur),
and Nd(m) as a reference using UV-vis spectroscopy.>*>*547%7¢
As a starting point, we evaluated the photoisomerization
kinetics of a selected photochromic unit in the presence and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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absence of the metal cations since it correlates with the metal
coordination/demetallation rates. For instance, isomerization
from neutral spiropyran to zwitterionic merocyanine is the first
step for the MC-M"" formation. Similarly, the rates related to
photoisomerization from merocyanine to spiropyran are asso-
ciated with the reverse demetallation process.>**** Based on
the relatively high binding constants determined for MC-acti-
nide complexes via ITC (K, = 9.1 x 10* and 1.9 x 10> M, vide
supra), we hypothesized that strong coordination bonds
between MC and metal cations would stabilize the zwitterionic
MC isomer and, as a result, decrease the rate of MC-to-SP
photoisomerization."®*® Therefore, we evaluated the photo-
isomerization rate of “free” (i.e., uncoordinated) SP in solution
in comparison with MC-M"" complexes (where M"" = Th*", U*",
or UO,*"). For this, a solution of either SP or a SP/metal salt
mixture in EtOH was first exposed to a 365 nm excitation
wavelength for 30 s to promote SP-to-MC conversion and
subsequent MC-M"" complex formation. Both processes were
supported by the formation of strong absorbance bands
centered at 563 nm and 430 nm, corresponding to “free” MC
and the MC-M"" complex, respectively. The reverse processes
(ie., demetallation of MC-M" and MC-to-SP photo-
isomerization) were monitored in real-time through attenuation
of the absorbance band at either 563 nm or 430 nm upon
exposure to visible light, corresponding to MC-to-SP photo-
isomerization and MC-M"" demetallation, respectively (Fig. 4).
Fitting the acquired time-dependent absorbance data with
a first-order exponential decay equation allowed us to estimate
photoisomerization rate constants (k) for unbound MC and MC
in MC-M"" complexes.'®*® As a result, a photoisomerization rate
constant of k = 0.25 s~' was estimated for unbound MC in
ethanol, which was decreased by a factor of 2.3 in the presence
of UO,(NO;), (k = 0.11 s~ ', Fig. 8). Similarly, the photo-
isomerization rate constants for MC in MC-Th** and MC-U*"
were found to be k = 0.16 and 0.13 s, respectively (Fig. S34 and
S35t). As anticipated, these examples illustrate that the forma-
tion of MC-M"" complexes reduces the switching rate of the
photochromic unit, which is associated with the stabilization of
the zwitterionic MC isomer upon the formation of coordination
bonds.

As a next step in our studies, we evaluated the binding
constants for MC-M"" complexes via UV-vis absorbance spec-
troscopy (Fig. 5). For that, we prepared 10 mM solutions of SP in
three different solvents: EtOH, DMF, and acetonitrile (Fig. S11-
S287). The choice of these experimental conditions was dictated
by the intent to compare the acquired data with the existing
literature reports on non-radioactive metal binding.*® The
prepared SP solutions were then transferred into a quartz
cuvette for further analysis using UV-vis spectroscopy. Each
sample was then exposed to a 365 nm excitation wavelength for
180 s to promote the formation of the MC photoisomer prior to
collecting the initial absorbance spectrum. As shown in Fig. 5,
a strong absorbance feature centered at 539 nm could be
attributed to the presence of the colored MC isomer.” Next,
aliquots of each metal salt with varying equivalents of metal
with respect to SP (0.1-10000 equivalents) were added to the
same cuvette, and the absorbance spectra were recollected. As

Chem. Sci., 2025, 16, 14115-14126 | 14119
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Fig. 5 (Top) changes in absorbance spectra of spiropyran (5.0 x
107> M in EtOH) upon exposure to a 365 nm excitation wavelength for
180 s, followed by the addition of 0.10, 0.15, 0.20, 0.30, 0.40, and 0.50
equivalents of ThCly (from top to bottom). Prior to the collection of
each spectrum, the solution was irradiated with a 365 nm excitation
wavelength for 180 s to promote the binding of Th cations by MC. The
photographs show a 10 mM MC solution in EtOH, as well as upon
addition of a 10 mM solution of ThCly in EtOH, and after mixing the two
solutions, from top to bottom. (Bottom) plot demonstrating the ratio
[Aw — Ancl/[Ac — Ancl as a function of 1/[Th**] for binding constant
determination of MC (5.0 x 10> M in EtOH) toward Th**, measured
through absorbance changes at 539 nm upon addition of ThCl, (K, =
88+ 3.4 x 10* M, R? = 0.99).

a result, we detected a decrease in the absorbance band at
539 nm upon the addition of metal salt to the MC solution,
which corresponds to the chelation of the metal cations by MC
(Fig. 5).” Plotting the absorbance data as a function of the

max 1
=4+ AA
AA K, [ C} + max

(AA = Ac — Ay, Where A, represents the absorbance at a specific
metal concentration, and Ay is the absorbance of merocyanine
in the absence of metal cations)”” allowed us to estimate the
binding constants for MC with each metal cation in different
solvents. This procedure was adopted from the previous
reports® and Table 1 summarizes the acquired results.

As a reference, we evaluated the binding constant for the
MC-Zn*" complex in acetonitrile for comparison with the
previously reported one for zinc cations and methoxy-
functionalized spiropyran in acetonitrile.** Indeed, the
binding constant of 6.5 x 10* M™" estimated in the presented
studies is in line with the value, 1.4 x 10* M '?* previously
reported for chelation of zinc cations by methoxy-functionalized
merocyanine (Scheme 1 and Table 1). In addition, we also
probed the binding constants of non-radioactive trivalent
cerium and neodymium cations. Applying the described UV-vis

modified Benesi-Hildebrand equation
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Table 1 Summary of binding constants for MC-M"* complexes

Metal ion Ligand Solvent Ky M1 Ref.
Zn* MC MeCN 6.5 x 10* This work
ce** MC MeCN 2.3 x 10° This work
ce** MC DMF 2.1 x 10* This work
Nd** MC DMF 5.2 x 10* This work
Th* MC EtOH 8.8 x 10* This work
Th** MC DMF 7.3 x 10° This work
ut MC EtOH 1.3 x 10° This work
u* MC DMF 5.8 x 10° This work
U0,>* MC DMF 5.3 x 10° This work
pu* MC DMF 4.3 x 10* This work
Eu® L, MeCN 3.0 x 10° 23

MeCN 1.4 x 10* 24

MeCN 1.6 x 10* 25

spectroscopic analysis for evaluation of MC-Ce** and MC-Nd**
binding constants, we were able to estimate the MC-Nd**
binding constant in DMF as 5.2 x 10* M~ " which is similar to
that of the Nd(m) coordinated to serum albumins (5.7 x 10*
M ").”® The MC-Ce** binding constant in DMF was found to be
2.1 x 10* M " using Ce(NO3);-6H,0 salt for coordination.
After confirming the feasibility of the selected methodology
and experimental setup on the example of binding constants for
non-radioactive MC-Zn>**, MC-Ce®*, and MC-Nd*", we transi-
tioned toward studies of radioactive U- and Th-based salts such
as ThCl,, UCl,;, and UO,(NOj3), for which the corresponding
binding constants were evaluated in DMF and EtOH. In
particular, the MC-Th** binding constant in EtOH was esti-
mated to be 8.8 x 10* M which is in line with the data
previously reported for the binding, for instance, of thorium
cations to other organic non-photochromic molecules,
including pyrene-based fluorophores (4.5 x 10* M ').” In
a similar vein, the estimated MC-U(vi) binding constant in DMF
(5.3 x 10° M~ ") was in the same order magnitude as the binding
constant reported for uranyl ions coordinated to cross-linked
hydrogel networks (1.2 x 10> M~ ').% As shown in Tables 1
and S2,t the binding constants obtained by UV-vis spectro-
scopic analysis are in agreement with the ITC-derived ones (e.g.,
9.1 x 10* M~ * for ThCl, in EtOH based on ITC data versus 8.8 x
10* M based on UV-vis spectroscopy). Likewise, UV-vis spec-
troscopic analysis of the MC-U(v) interactions in EtOH revealed

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a binding constant of 1.3 x 10° M, which is in line with the
value obtained through ITC experiments (1.9 x 10° M),

The detailed information regarding UV-vis spectra and data
fitting analysis for estimating the reported binding constants
can be found in Fig. S11-S28.f Thus, to place them in
perspective, the estimated binding constants for MC with the
selected cations (e.g., Zn**, Ce**, Nd**, Th*", U**, and UO,*"),
which are in the range of 5.3 x 10 to 2.3 x 10> M~ (Table 1),
are consistent with the values reported for actinide capture by
sorbent materials (3.4 x 10% to 4.5 x 10" M~")727%7° or chelation
by fluorophores (e.g., 6.0 x 10> M for Th(iv)).** However, when
comparing binding constants reported herein and in the
broader scientific literature, it is important to note that many
variables, including solution concentration, solvent, oxidation
state of the metal cation, and counterion, may impact the
formation of spiropyran-based complexes. Systematic studies of
the correlation between the oxidation states of actinides and
binding constants in photochromic actinide-base complexes
are underway.

In addition to estimating the binding constants for MC-
metal cation interactions, we also analyzed the obtained UV-vis
spectroscopic data using Job's plots to evaluate the binding
stoichiometry for the MC-M"" complexes (Fig. 6).22 For this, the
absorbance profiles of a series of solutions containing varying
equivalents of SP and metal salts (e.g., Ce(NO3);, NdClz, UCly,
UO,(NO;),, and ThCl,) were analyzed spectroscopically. The
absorbance band centered around the 433 nm region (the exact
Amax 1S metal-salt-dependent) corresponding to the MC-metal
complex was monitored as a function of the MC: M"" molar
ratio (Fig. 4 and S29-5337).%> Next, the molar ratio, at which the
maximum absorbance of the complex was obtained, was taken
to be the preferred binding stoichiometry based on previous
literature reports (Fig. 6).*>** For example, we determined a ratio
of 3:1 for MC-Nd*" and MC-Ce** complexes, while a binding
ratio of 4:1 was determined for MC-U*" and MC-Th**

o o o =
» (e)] © o
] 1 ) 1

o
N
]

normalized absorbance

T T T T T
0.1 0.3 0.5 0.7 0.9

mole fraction of M™

Fig. 6 The Job's plot analysis of changes in the absorbance profile of
an MC solution at 433 nm as a function of the mole fraction of U**
(gray squares), Ce>* (blue triangles), and UO,2* (red circles) added,
resulting in a complex stoichiometry of 4:1 (MC-U*"), 3:1 (MC—
Ce®), and 2:1 (MC-UO,%"). Specific details regarding solution
preparation for Job's plot analysis can be found in the ESI. The Job's
plot analyses for the other MC-M"* complexes can be found in
Fig. S29-S33.1
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Fig. 7 (Left) changes in absorbance spectra of spiropyran (1.43 x
1075 M in DMF) upon exposure to a 365 nm excitation wavelength for
180 s (top trace), followed by the addition of 0.3, 1.0, 1.4, and 2.7
equivalents of Pu(NOsz),4 (from top to bottom). Prior to the collection of
each spectrum, the solution was irradiated with a 365 nm excitation
wavelength for 180 s to promote the binding of Pu(v) cations by
merocyanine. The absorbance centered at 550 nm corresponds to
uncoordinated spiropyran molecules. (Right) plot demonstrating the
ratio [Aw — Amcl/[Ac — Amcl as a function of the known value of 1/
[Pu**] for binding constant determination of MC (1.43 x 107> M in
DMF) toward Pu**, measured through absorbance changes at 565 nm
upon addition of PU(NO3z)4 (K, = 4.3 x 10* M7, R? = 0.99).

complexes. Finally, a ratio of 2:1 was determined for the MC-
UO,>" complex (Fig. S29-S331). As a result, the determined
stoichiometry for each of the studied complexes was consistent
with the charge of the metal cation.

Finally, we expanded our studies toward >*°Pu(w), as
a representative example of transuranic elements central to the
nuclear fuel cycle,®®® using Pu(NO3), that was prepared and
handled by following all safety protocols at the Savannah River
National Laboratory (SRNL) in a designated transuranics lab
(Fig. 7). Using the procedure outlined above for UV-vis spec-
troscopic analysis of MC-M"" interactions, we estimated the
binding constant of Pu(iv) to MC in DMF to be 4.3 x 10* M,
which is 5.9 and 7.4-fold higher in comparison with those of
Th*" (7.3 x 10> M™") and U*" (5.8 x 10° M), respectively,
measured in the same solvent system (Table 1). The estimated
binding constant for the MC-Pu(wv) pair in DMF is in the same
order of magnitude as the interactions between actinides (U and
Th) and biomolecules, such as hemoglobin in buffered saline
(log K4 = 22.5).” However, the evaluation of ***Pu(wv) binding to
the photochromic spiropyran derivatives was studied for the
first time in the presented work.

Theoretical modeling

To support our experimental studies of the thermodynamic
parameters governing MC---M"" binding, we employed theo-
retical modeling using the experimentally obtained X-ray crystal
structure of MC bound to UO,(NO3), as a starting point (Fig. 3).
We first modeled the interaction between MC and either uranyl
or thorium cations in DMF, which coincides with the conditions
used for the previously described UV-vis spectroscopic studies
(Fig. 4 and 6). Density functional theory (DFT; TPSSh functional
and 6-311G* basis set) was employed to model the binding
interactions between spiropyran and either uranyl, thorium, or
plutonium(iv) at room temperature while incorporating the
solvation effects of DMF (Fig. 8). The method used to calculate
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Fig. 8 (Left) the optimized structure of MC coordinated to the plu-
tonium(iv) cation. The gray, blue, red, green, and orange represent
carbon, nitrogen, oxygen, chloride, and plutonium atoms, respectively.
Hydrogen atoms are omitted for clarity. (Right) plot demonstrating the
experimentally determined MC---M™* binding constants (turquoise
color) for U(vi), Th(iv), and Pu(v) in DMF and estimated binding energy
(in DMF) based on theoretical calculations (gray).

the binding energy, along with detailed parameters such as
basis sets and pseudopotentials, are provided in the ESI.

As a result, the theoretical binding energies were estimated
to be —77 kJ mol™' (UO,*"), —106 k] mol™' (Th*"), and
—132 k] mol™' (Pu*") in DMF, respectively, using chloride
anions to balance the charge (Fig. 8). The found trend demon-
strating changes in binding constants is in line with the
experimentally determined values based on UV-vis or ITC data
(Fig. 4 and 6 and Tables 1 and S2%). We also expanded our
theoretical studies toward EtOH as a solvent to mimic the
conditions used in the previously described ITC experiments
(Fig. 3). In this solvent, our findings indicated that the binding
energy changes in the following order of Pu(iv) (—130 k] mol )
> Th(wv) (—108 k] mol ") > U(vi) (—50 k] mol ). The calculations
performed considering an EtOH solvate system show a consis-
tent trend with our experimental values.

Photochromic MOF-promoted actinide binding

Based on the outcomes of the aforementioned thermodynamic
and kinetics studies demonstrating the coordination of actinide
cations to a merocyanine derivative, we probed the feasibility of
utilizing the spiropyran derivatives grafted to a solid-state
matrix with the assumption that the integrated spiropyran
derivatives will undergo reversible SP 2 MC isomerization
upon exposure to an external stimulus such as light. For that, we
integrated SP-COOH (Fig. 2) into a porous host matrix, result-
ing in the formation of UiO-67 + SP-COOH, as discussed earlier
(Fig. 2 and 10).

As a next step, we evaluated the photochromic behavior by
probing the photoisomerization of integrated SP-COOH units
through time-resolved diffuse reflectance spectroscopy (Fig. 9).
As expected, based on previous reports*® and the acquired data
for SP in solution herein, an increase of the band centered at
590 nm was detected upon irradiation of UiO-67 + SP-COOH
with 365 nm light, corresponding to SP-COOH-to-MC-COOH
isomerization. Subsequent exposure to white light (Aex = 400-
900 nm) resulted in a decrease in the sample absorbance (Apax
= 590 nm), indicating successful photoisomerization from the
merocyanine to the spiropyran photoisomer (Fig. 9). Thus, our
studies confirmed that coordinatively-integrated SP-COOH
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Fig. 9 (Left) diffuse reflectance spectra of UiO-67 + SP—COOH upon
exposure to a 365 nm excitation wavelength for 30 s followed by
exposure to white light (A, = 400-900 nm). The gradient from orange
to yellow indicates photoisomerization from the merocyanine to spi-
ropyran isomers. (Right) plot demonstrating the change in absorbance
of UiO-67 + SP-COOH after exposure to a 365 nm excitation wave-
length for 30 s followed by exposure to white light (Ax = 400-900
nm). Data fitting (orange line) with a first-order exponential decay
equation resulted in a photoisomerization rate constant (k) of 0.04 s™%.

could exhibit successful isomerization within a porous MOF.
Based on crystallographic analysis of the UiO-67, SP-COOH,
and MC-COOH structures (Fig. S37 and S397) and subsequent
spectroscopic characterizations, SP-COOH photoisomerization
occurs within the framework voids.

As a proof of concept, we also probed whether the integrated
SP-COOH is still capable of actinide coordination upon pho-
toisomerization to an MC-photoisomer when integrated within
a solid-state matrix. In contrast to solution studies where both
photochromic ligands and metal cations could “move freely”,
a porous scaffold such as a MOF could slow down the metal
cation diffusion. To account for that, we allowed the UiO-67 +
SP-COOH suspension in an actinide solution to equilibrate for
an extended time (e.g., at least 24 hours). A sufficient equili-
bration time was determined based on spectroscopic analysis of
changes in the metal cation concentration (outside the MOF
matrix).

As a starting point, we performed a control experiment to
demonstrate that exposure of parent, non-photochromic UiO-67
MOF to actinide cations does not result in an alternation in
actinide concentration as a function of excitation with different
wavelengths. For that, we utilized Th*" in DMF as a model
system since we confirmed its facile coordination to MC-isomer
in solution (vide supra). As expected, no detectable alternation
in thorium concentration in the presence of UiO-67 was detec-
ted upon exposure to UV or visible light (Fig. 10). We have also
explored different actinide concentrations using thorium
cations as an example, but for all studied concentrations, no
significant changes were detected spectrophotometrically. In
contrast to parent UiO-67, the use of photochromic UiO-67 + SP-
COOH resulted in changes in thorium concentration upon light
exposure as shown in Fig. 10. Photochromic UiO-67 + SP-COOH
was exposed to a 20 mM solution of Th(NO;), in DMF for 120 h
at 75 °C (ie., similar conditions used for the control experi-
ment). After 120 h of equilibration time, we determined that
~45% of Th*" was adsorbed in the framework pores by moni-
toring the concentration of the Th** in the supernatant spec-
trophotometrically (see more details in the ESI; Fig. S107). In

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (Top) schematic representation of on-demand actinide

capture and release using UiO-67 + SP-COOH upon exposure to UV
(365 nm) or visible light (590 nm). (Bottom left) plot demonstrating the
change in Th(v) concentration in the UiO-67 + SP-COOH suspension
as a function of excitation wavelength. (Bottom right) plot demon-
strating no change in Th(v) concentration in a non-photochromic
UiO-67 suspension as a function of excitation wavelength.

particular, aliquots of the Th@UiO-67 + SP-COOH suspension
were diluted with a complexing solution of arsenazo(i), and the
changes in the absorbance band centered at 667 nm, which
corresponds to the arsenazo(m)-Th complex, were monitored to
study the capture and release of Th*" from the UiO-67 + SP-
COOH framework (Fig. 10). After collecting the initial absor-
bance profile, the Th@UiO-67 + SP-COOH suspension was
irradiated with a 365 nm excitation wavelength for 10 minutes
to facilitate the formation of the MC-photoisomer (MC-
photoisomer formation occurs under this irradiation time
based on control experiments).

As shown for studies in solution, the MC-photoisomer could
coordinate to the thorium cations (vide supra). The Th@UiO-67
+ SP-COOH suspension was then allowed to equilibrate at room
temperature for 24 h to accommodate for slow diffusion of
thorium cations throughout the bulk material. Similar to the
control experiments, the equilibration time was chosen based
on the absence of changes in thorium concentration in the
supernatant solution. As a result, we detected a decrease in
thorium concentration in the solution outside the MOF matrix
based on UV light exposure due to the MC-photoisomer
formation and subsequent Th*' coordination. Notably, the
decrease in thorium concentration in the supernatant corre-
sponds to coordination of Th cations by approximately 33% of
available SP-COOH units.

As a next step, the suspension was irradiated with visible
light (Ax = 590 nm) for one hour to test the hypothesis that
photoisomerization from MC-COOH to SP-COOH (integrated
within the MOF) would result in demetallation and diffusion of
thorium cations out of the MOF pores into the supernatant.
Similar to samples after UV irradiation, the MOF suspension
was allowed to equilibrate at room temperature over the course
of one day prior to analysis. As expected, the absorbance of the
band centered at 667 nm, which corresponded to the arsen-
azo(m)-Th complex, increased after visible light exposure,

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

indicating demetallation of thorium cations followed by diffu-
sion out of the MOF pores. Notably, these studies are a proof-of-
principle for actinide coordination/demetallation, and optimi-
zation of benchmark materials with desirable characteristics is
underway. Thus, as indicated by a combination of our spec-
troscopic analysis with the results of the control experiments,
the coordination and demetallation of thorium cations to
spiropyran-based compounds integrated into a MOF could be
controlled through the alternation of an excitation wavelength
(Fig. 10).

Conclusions

This study represents the first report of actinide binding modes
controlled by an external stimulus via photochromic moieties,
realized through probing thermodynamics and kinetics aspects
and provides quantitative information, such as binding
constants and binding energy, for the coordination of actinides
to photochromic molecules, including the first X-ray crystal
structure; demonstrating the possibility of coordination of
actinides to photochromic molecules on the example of the
MC-UO,>" system. This work also includes novel thermody-
namic studies of highly radioactive transuranic >*Pu(iv) species
which were carried out at the U.S. Savannah River National
Laboratory according to the appropriate safety protocols. In situ
spectroscopic analysis was employed to simultaneously evaluate
the photoisomerization kinetics of the spiropyran derivative in
the presence of actinide cations while monitoring the metal
coordination to MC-photoisomer in solution and upon its
integration within the solid support such as a MOF. We probed
the complex stoichiometry for non-radioactive surrogates and
radioactive cations using Job's plot analysis. At the same time,
ITC experiments allowed us to quantify critical thermodynamic
values, including Gibbs free energy, enthalpy, and entropy
changes associated with actinide binding by spiropyran deriv-
atives. As a result, we highlighted the coordination strength
between actinide cations and merocyanine derivatives in
general, including the MC-Pu(v) interactions for the first time.
Finally, we applied the fundamental principles found in the
solution studies toward functional material design on the
example of a spiropyran-functionalized MOF. As a result, we
report a photochromic framework capable of photo-triggered
binding and release of actinide cations as a function of excita-
tion wavelength, demonstrating how the acquired thermody-
namic and photoisomerization kinetics information can be
used to guide functional material design. In summary, these
studies are a critical first step for addressing urgent funda-
mental questions concerning thermodynamic, spectroscopic,
and structural aspects of photoswitch-actinide interactions,
demonstrating the proof-of-concept toward actinide binding on
demand.

Data availability

The data that support the findings of this study are available in
the ESIT of this article. Crystallographic data for MC-COOH and
the MC-UO,>" complex have been deposited at the Cambridge
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