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% Check for updates Selective extracting uranium from seawater is quite challenging, particularly

the presence of vanadium, which poses a significant obstacle for most ami-
doxime absorbents. Adsorbents with size-matched pores and coordination
environment can improve the uranium selectivity but usually deteriorate the
adsorption capacity. Herein, a dynamically matched spatial coordination
strategy is proposed to improve the performance of uranium extraction. The
diarylethene (DAE) photoswitch with photoisomerization characteristic is
introduced into Metal-Organic Frameworks (MOFs), in which the tunable pore
size and coordination environment provide a precisely confined space for
uranium capture under the dynamic adjustment of ultraviolet-visible (UV-Vis)
irradiation. Proposed material with photo-responsive gated rectification cap-
ability can effectively extract uranium from vanadium-rich system, the ura-
nium adsorption capacity reaches 588.24 mg-g™* and the U(VI)/V(V) separation
factor ratio is recorded up to 215. Finite element simulation confirms the
enhancement of mass transfer under the open-state of DAE, which leads to the
improved adsorption capacity. Density Functional Theory (DFT) calculations
suggest size-matching between pore structure and uranium species, as well as
the spatial coordination between the closed-state DAE and uranium species,
results in the U(VI)/V(V) selectivity and uranium extraction performance.
Current work presents a promising strategy for improving the uranium
extraction ability and U(VI)/V(V) selectivity under seawater environment.

Uranium is a crucial and safeguarded resource required for nuclear
energy development'. The oceans contain about 4.5 billion tons of
uranium, nearly a thousand times more than on land’. The selective
extraction of uranium from seawater is promising but still challenged
by the extreme low uranium concentration (3.3 ppb) as well as a large
number of interfering ions®. For the currently well accepted adsorption
approach, the well-designed bonding structures are critical in

governing the selectivity towards uranium, in which the amidoxime
functioned adsorbents with high adsorption capacity and selective
bonding ability have drawn numerous attentions*. However, such
materials show limited selectivity for uranium and vanadium, the
separation factors (SF) were usually less than 5 dues to the formation
of cyclic imide-dioxime structure between excessive adjacent ami-
doxime groups*®.
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The significant geometric configuration difference between the
prevailed uranium species [UO,(COs);]* and vanadium species
[H,VO,] inspires researches to improve the selectivity by constructing
an accurately size-matched pore structure’®. Benefiting from the
modifiable internal pore structure and abundant active sites, the metal
organic frameworks (MOFs) could provide a large amount of locally
confined geometrical space for the spatial coordination with guest
ions’ ™, making it a potential candidate for the selective separation. In
general, the size-matched pores are supposed to improve the uranium
selectivity through a size-sieving effect'. For instance, the porous UiO-
66-3C4N and DUT-5-POR materials containing uranyl compatible
pores were proposed and have improved the SF,y to 17.03 and 25.66,
respectively”. However, the precisely matched pore will remarkably
reduce the mass transfer ability and the accessibility of binding sites
for target ions, which will suppress the advantage of the abundant
active sites and lead to a relative low adsorption capacity, the
adsorption capacity of UiO-66-3C4N and DUT-5-POR materials are
merely 393.97 mg-g™* and 263.4 mg-g™, respectively'. The appropriate
enlargement of pore size will increase the adsorption capacity by
optimizing the mass transfer process, but this is still not a feasible
solution for balancing the selectivity and capacity, as it will deteriorate
the selectivity by decreasing the coordination stability of target ions in
the interior pore®. Therefore, an effective solution to such dilemma
should be developed.

The dynamically regulated MOFs with tunable pore structures
have been proposed for efficient separation of mixtures with different
sizes, which offered some hints for solving the dilemma'®". The
reversible expansion and contraction of pores in MOFs (known as
breathing behavior) triggered by the feasible modulation of external
light enabled the inspiring separation efficiency for the similar guest
molecules™®°. For instance, with the light-preferred structure mod-
ulation and the guest discriminatory deriving from gate effect, a fra-
mework with photoisomerization capability enabled an efficient C;H,/
C,H, separation (SF =47.1) at 195K and 100 kPa with the help of UV
modulation?. The diarylethene (DAE) offers unique structural char-
acteristics for the photo responsible modulation, in which the rever-
sible bond deriving electron rearrangement between two amenable
rings under different irradiation leads to the cis-trans isomerization
(regarded as the open and close states, respectively)®%. In addition,
the presence of a heteroatom with a lone pair of electrons in DAE
makes potential coordination interactions with guest molecules
possible’®?. Therefore, the DAE derivatives are promising ligands that
could be integrated into the framework to induce the structural
modulation for efficient separation of U(VI) from V(V) species.

Herein, we propose a viable dynamic light-responsible size-match
coordination strategy in this work to achieve the highly selective
capture of uranium, in which a light-responsible pore structure with
dynamic size-modulating ability and spatial coordination ability offers
a favorable coordination environment for target uranium species. In
the opened state modulated by the visible light, the flexible pore
structure facilitates the movement of ions through the pore and
increases the accessibility of target [UO,(COs5);]* to binding sites,
which will lead to high adsorption capacity. When the pore structure of
MOFs was modulated by UV light as the closed state, the relatively rigid
and shrink structure provides not only the precisely size matched pore
for [UO,(COs);]*, but also effective coordination environment for
[UO,(CO3)5]* rather than [H,VO,4]". Both two features will be beneficial
for selective extraction of U(VI) over V(V). To the best of our knowl-
edge, such strategy was never reported in the field of uranium
extraction from seawater but were proved to be very effective in this
paper, as high uranium extraction ability (588.24 mg-g™) and unpre-
cedented U(VI)/V(V) separation factor (215) were achieved.

Specifically, in this work, a light responsible framework material
was manufactured by integrating the photosensitive DAE isomeriza-
tion into two stable zeolite imidazolate frameworks (ZIFs) with similar

chemical composition but different pore size, ZIF-70 and ZIF-60,
respectively®’. The ionic rectification regulation inside the pore struc-
ture under the bistable state of DAE isomerization was evaluated by
employing the finite element simulation. The photochemical behavior,
photoswitch-fatigue resistance, adsorption capacity and adsorption
selectivity were investigated under the above two states. In addition,
the adsorption performance of the proposed photoisomeric materials
was examined in natural seawater systems with high salinity and high
concentrations of competing ions. The proposed composites exhib-
ited impressive U(VI)/V(V) selectivity and adsorption capabilities while
maintaining the structural stability for long periods. The mechanism
for the precise identification and selective capture of uranium were
also analyzed in depth with the aid of theoretical calculations.

Results and Discussion

MOFs structural characterization

The structure of photoswitch grafted frameworks, the photo-
isomerized process, and the spatially confined coordination of pro-
posed materials were depicted in Fig. 1. Figure 2a, b and Supplemen-
tary Figs. 2-5 show the morphologies of ZIF-70 and ZIF-60 before and
after photoswitch loading, respectively. The macroscopic prismatic
structures of the two materials did not exhibit obvious changes after
long-term heat treatment with organic solvents due to the excellent
thermal stability of the materials®** however, a certain number of
lamellar intercalation structures appeared on the surfaces of the
materials. These structures were consistent with the morphology of
the HL1 (4,5-bis(2,5-dimethyl-3-thienyl)-1H-imidazole) photoswitch
monoliths that formed via self-assembly (Supplementary Fig. 1) and
were successfully integrated into the materials. In addition, elemental
mapping analysis revealed that the sulfur present in the thiophene
functional groups of HL1 photoswitches was uniformly distributed on
the surfaces of the two materials (Fig. 2c, d), and there was a strong
correlation between the distribution trend and the zinc atoms serving
as metal nodes, which suggested that stable bonding occurred
between the structural elements that composed the MOFs materials,
which is also one of the elements in constructing the coordination
microenvironment within the framework. Comparing the changes in
the integral areas of the characteristic peaks in the '"H NMR (*H Nuclear
Magnetic Resonance) spectra of the composite photoisomeric MOFs
materials (Photoswitch-ZIFs, i.e. PSZ-60 and PSZ-70) (Supplementary
Figs. 6-10), we determined that the grafting rates of the photoswitches
reached 18.32% (PSZ-70) and 10.41% (PSZ-60). As a functional unit in
the material, although HL1 exhibits its photochemical behavior, the
coordinating process of sulfur atoms to uranium in the molecule
cannot be ignored as well. More importantly, for PSZ-70 and PSZ-60,
the proportion of sulfur present will directly affect the performance of
the two materials in terms of uranium adsorption capacity*. Con-
sidering the differences in the crystal configurations, it was concluded
that this discrepancy mainly derived from the difference in the size of
the window diameter (d,) and aperture diameter (d,), leading to
exchange failure at some of the nonequivalent imidazole junctions
during the solvent-assisted ligand exchange (SALE) process. For con-
sidering the thermal stability of the grafting process between the two
materials, we tested the grafting rate of HL1 inside the two materials at
different time points of the current heat exchange temperature, as
shown in Supplementary Fig. 11. It is evident that the grafting rate does
not significantly improve with the ligand exchange time after 4 days,
but rather has a weak adverse effect on the thermal stability of the
materials themselves. The XRD (X-ray Diffraction) patterns of these
two MOFs materials and their corresponding modified photoisomers
are shown in Supplementary Fig. 12. Zeolite imidazole ester, a typical
hydrophobic structure, has a considerable degree of spatial
resistance®”. Therefore, the two thiophene rings of HL1 added steric
effects to the imidazole group coupled with the metal node, resulting
in the crystallinity of PSZ-70, as shown in the figure, being better than
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Fig. 1| Construction of a composite photoisomeric material framework and
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Section Grafting of photoisomerization monomers in ZIF-60 and ZIF-70. Photo-
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that of ZIF-70%. ZIF-60 (d,=7.2 A), with half size of ZIF-70 (d,=13.1A),
possesses greater steric hindrance and thus results in a partial
decrease in the intensity of lower-angle peaks and an increase in the
relative intensity of higher-angle peaks. This subtle change was also
consistent with the grafting rate results reflected in the previous 'H
NMR spectra.

Before pursuing any further investigation, we obtained a theore-
tical infrared spectrum (Supplementary Fig. 13) by modeling and
optimizing the chemical structure of the photoisomeric unit HL1 using
Gaussian 16 software. The experimental spectrum of the synthesized
product displayed absorption peaks at 1140, 1210, 1260, and 1300 cm™*
(red area in Supplementary Fig. 14), which are consistent with the
theoretical values and verify the designed photoswitch’s distinctive
chemical structure of the product. Furthermore, we performed N,
(77 K) gas adsorption tests on the MOFs materials before and after HL1
photoswitch grafting, and the corresponding results are shown in
Supplementary Fig. 15. With larger specific surface area, ZIF-70 pos-
sesses more intrinsic active sites than ZIF-60%. As determined from the
reduction in the specific surface area of the two substrate MOFs after
grafting the photoswitch, the size of the photoisomerization unit
introduced basing on the same ligand exchange indirectly reflects the
advantage of ZIF-70 over ZIF-60 in terms of the pore size and the
effective number of structural pores, which was also reflected in the
relevant characterization results mentioned above.

Photochemical behavior studies
Molecular orbitals for a few DAEs with a structure comparable to that
of HL1 were obtained through Density Functional Theory (DFT)

simulations using Gaussian 16 package (Fig. 2e). The energy difference
between the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) determines the optical
range of a molecule*. According to the quantum theory of molecular
photochemistry, an extended m-conjugation system increases the
number of coupled molecular orbitals and enhances the degree of m-
dissociation, and the methyl group at the side chain end of the thio-
phene ring can further extend the optical absorption band of DAE
molecules through its electron-donating effect to enhance the effi-
ciency of cyclization switching®. Therefore, we used ultraviolet-visible
(UV-Vis) spectroscopy to evaluate the optical characteristics of the
HL1 photoswitchable monomer dissolved in methanol (Fig. 2f). The
spectrum of HL1 displayed varying degrees of absorption at 285,
340 nm, and 545 nm within 10 min, during which time the color of
the solution gradually changed from purple to crimson, which
was assumed to indicate a change from the open-loop conformation
to the closed-loop conformation upon irradiation with UV light
(A=253.7nm)*.. In addition, the red color soon faded to an almost
undetectable light yellow when the irradiation source was changed to
visible light at a wavelength of 515 nm (Supplementary Fig. 16)**. The
increase and decrease in the absorption bands at 535-550 nm in
the spectra of the DAE series derivatives were attributed to the
corresponding photoisomerization cycle process*’. Therefore, based
on the above results, we monitored the changes in absorbance at
545 nm with time and observed a clear fluctuation trend correspond-
ing to a single open-closed conformational transition of the HL1 pho-
toswitch molecule. To further explore whether the HL1 molecule can
maintain its closed state for a long time, the change in absorbance of
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Fig. 2 | Characterization of physical and chemical properties of materials. a SEM
images of ZIF-70 (left) and PSZ-70 (right). b ZIF-60 (left) and PSZ-60 (right).

¢, d SEM images and EDX analysis (C(yellow), N(green), O(red), Zn(turquoise),
S(dark blue), subgraphs from left to right are the composition of all elements, Zn
and S, respectively) of PSZ-70 (up) and PSZ-60 (down). e Molecular orbital diagram
of HL1 and corresponding partial derivatives. f, g Absorbance of HL1 in a methanol
solution in the wavelength range of A =200-800 nm under UV-visible switching
light source conditions (left) and UV-dark conditions (right) (the inset figures in
both 2f and 2g show the absorbance change of the solution anchored at 545 nm,
respectively). h DRS analysis of ZIF-70, ZIF-60, PSZ-70, and PSZ-60 (The top and

Binding Energy (eV)

Binding Energy (eV)

bottom graphs show the change of absorbance in the range of 200-800 nm before
and after grafting the photoswitch with ZIF-60 and ZIF-70, respectively; the inset
figure of bottom graph is an enlarged display of the spectrum in the range of
200-400 nm). i XPS analysis of the open/closed conformational transition process
of PSZ-60 (The top and bottom graphs show the binding energy changes of the
splitting peaks in the S 2p spectra of PSZ-60 in the photoisomerized open-state and
closed-state). j XPS analysis of the open/closed conformational transition process
of PSZ-70 (The top and bottom graphs show the binding energy changes of the
splitting peaks in the S 2p spectra of PSZ-70 in the photoisomerized open-state and
closed-state).

HL1 at 545 nm in the dark after removing the light source after 10 min
of UV irradiation were investigated (Fig. 2g). As expected, the change
in absorbance during the first 10 min of UV exposure gradually
increased, suggesting that the proportion of the closed structure in the
mixed system increased steadily during this time. After a long period in

the dark, the absorbance at 545nm did not change significantly.
Therefore, artificial adjustments in the irradiation time can precisely
control the photoswitching process of DAE molecules to achieve the
appropriate closed state and maintain this state for a long time without
interference from outside light sources.
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The light absorption patterns of the two substrates and the cor-
responding photoswitchable modification products were analyzed in
the wavelength range of 200-800 nm using diffuse reflectance spec-
troscopy (DRS) (Fig. 2h). The grafting of the HL1 monomer significantly
increased the absorption in the range of 233-800 nm for ZIF-60, which
had almost no absorption in the visible region. Therefore, the ability of
composite materials to modulate light absorption was almost entirely
due to the photoswitching of molecules with broad photochemical
responses**. Owing to the higher grafting ratio, such a change was also
observed in the ZIF-70 and PSZ-70. Notably, the strong UV-absorbing
properties of the ZIFs series of materials were not affected despite the
long ligand exchange process occurring in a high-temperature organic
solution atmosphere®. In addition to this, the DRS spectra of PSZ-70
absorbance versus time under the same UV irradiation conditions
similarly exhibited a rise and fall change consistent with that of the
monomer (Supplementary Fig. 17), indicating that the SALE process
did not detract from the photoswitching activity. This retention of
substrate dominance suggested the potential for synergistic iso-
merization conversions by considering the previous fast-closed cycli-
zation kinetics upon UV irradiation of HL1 monomers.

Based on the analysis of the S 2p spectra in the X-ray photoelec-
tron spectroscopy (XPS) of PSZ-70, the S 2p;/, peak with a binding
energy of 163.79 eV is usually considered to indicate a closed structure
between the thiophene rings, whereas the other set of S 2p;, com-
ponent peaks located at 164.98 eV corresponds to the open form
(Fig. 2i)*¢. Based on the unique chemical structure of the DAE molecule,
it is not difficult to understand the difference between the binding
energy in the two isomeric states, i.e., the underlying reason comes
from the presence or absence of aromaticity in both states”. In the
photoswitch-closed state, DAE loses its intrinsic aromaticity, thus
favoring a more extensive conjugation of electrons throughout the
molecule, and this rearrangement also determines the final position
and peak shape of the split peak signal. Anomalously, however, in the
spectrum of PSZ-60, in addition to the two similar splitting peaks
appearing therein compared to PSZ-70, a new S 2ps, splitting peak
with a binding energy close to 169 eV appears (Fig. 2j). It is generally
believed that broader peaks such as the above peaks centered at 168-
169 eV are attributed to the formation or transformation of oxidation
products of elemental sulfur, and more specifically to the generation
of isolated sulfur atoms or thiols due to the irradiation of X-rays***°. In
contrast to DAE molecules loaded in ZIFs substrate materials with
different pore sizes, the reason is related to the possibility with which
the C-S-C bonds in thiophene are broken under the same test condi-
tions. The stability of the MOFs themselves, as components integrated
into the material framework in the form of identical linker substitu-
tions, influences the strength of the ligand bonds therein®. As for the
only different components in the two substrate materials,
2-nitroimidazole and 2-methylimidazole, the nitro group with a strong
electron-attracted effect contained in 2-nitroimidazole can effectively
reduce the excessive electron density in the system after grafting DAE,
thus providing stronger stability for the framework®. On the contrary,
the methyl group with an electron-donating effect increases the
repulsive force between electrons, making the chemical bonds in the
framework more susceptive for bond breakage®, and the increase in
the area of the sulfur oxide splitting peak for the closed state is also
strong evidence for this analysis.

Ion rectification behavior in COMSOL multiphysics field
simulations

The gating rectification ability of the photoisomerization composites
was investigated through developing a theoretical model using
COMSOL Multiphysics 6.0 software. Figure 3a depicts the differential
changes inside the pore channel of two photoisomerized composite
MOFs materials in the isomerization bistable state, which mainly serves
to introduce this conformational difference to visualize the model

construction, the geometrical structures in the on and off states that
were modeled in Fig. 3b. Additionally, the Poisson-Nernst-Planck
equation was applied to solve the problem of ion transport in elec-
trostatic and dilute matter transfer fields at physical field interfaces.
Time-independent flux expressions were established since all the
processes involved were steady-state processes. The relevant bound-
ary conditions and parameter settings are summarized in the Supple-
mentary Information (Supplementary Table 1 and 2)%.

Figure 3c, d depict the behavior of electrolyte solution ions
migrating inside the pore channel of the photoisomerization material
as driven by an electric field. The ion rectification behavior of the
nanopore channels was investigated at pH=2 and pH=8 (Supplemen-
tary Figs. 18,19), and the charge density of the DAE surface was con-
figured as positive for acidic conditions and negative for alkaline
conditions. Notably, there was a significant correlation between the
electrical characteristics of the charge density on the surface of the
nanopore channel and the positive and negative applied external
electric fields for various acidic and alkaline solution environments.
When the two electrical properties were equivalent, the ion flux inside
the pore was lower than that in an electrolytic cell simulation, and
when the opposite was true, the ion enrichment inside the pore was
greater, a phenomenon that can be as attributed to electrostatic
action. lons with the opposite electric field were enriched in the inner
wall of the pore under alkaline conditions; for instance, according to
diffusive double layer theory, ions with the same electric field were
distributed diffusely inside the pore, generating an additional elec-
trostatic field force with increasing local charge density, which
increased the swimming motility. The buildup of the ion flow was
observed to increase. The migratory behavior of ions within nanopore
channels, on the other hand, was primarily driven by changes in sur-
face charge when the pore surface charge density was opposite to the
external electric field. The number of ions with opposite electrical
characteristics increased with the surface charge density of the nano-
pore channel, and the thickness of the adsorbed layer increased
equally. The interfacial tension decreased as the repulsive force
between homogenous charges increased. This, in turn, increased the
corresponding free-ion flow and resulted in a comparatively low
accumulation on the inner wall of the pore channel.

Supplementary Fig. 20 shows the ion flux fluctuations of the
photoisomerized material in the open and closed states, respectively.
When the two migration modes had the same voltage and surface
charge density, there was little difference between them in general, but
there was a significant difference in behavior at the predefined
solid-liquid interface junction and inside the composite pore channel.
Figure 3b shows that the subjective adjustment of the closure structure
of the photoswitch geometry model resulted in a relative reduction in
the channel pore size (yellow). In addition, the pore structure of the
longitudinally asymmetric influenced the tendency of the absolute
value of the ion current to vary with the potential gradient®. The dif-
fuse bilayer produced in this case was closer to or even wider than the
pore size of the adsorbed layer and exhibited a more pronounced ion
rectification capacity than the photoswitch open state. Therefore, the
introduction of DAE photoswitches allowed fine-tuning of the pore
channels that ions migrate through, which was indicative of gated
rectification ability.

Uranium adsorption behavior

Adsorption tests were conducted based on a simulated seawater sys-
tem (Supplementary Fig. 21)*. Before conducting detailed adsorption
studies, the stability of two substrate materials across a range of
solution acidity and alkalinity were assessed (Supplementary Fig. 22).
The dissolution percentage of Zn(ll) revealed the intolerance of MOFs
materials with imidazolium-based backbones to such conditions. On
the other hand, the exceptional stability exhibited by both materials in
weakly basic to basic environments serves as the foundation and
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crucial prerequisite for investigating the adsorption and separation
behavior of the materials in subsequent studies. As shown in Fig. 4a,
when the pH increased from 3 to 5, the adsorption capacity of the
material increased significantly. On the one hand, this increase was
mainly due to the increase in the content ratio of the positively
charged multinuclear hydroxide species of uranium, such as UO,*,
[UO5(OH)T*, [(UO,),(OH),J* and [(UO,)5(OH)T**, which reduced the net
charge content between the adsorbent and the adsorbate and thus
resulted in the weakening of the repulsion effect. On the other hand,
the chelating coordination ability between uranium and the proto-
nated imidazole group in the molecular skeleton of the material was
enhanced, which improved the adsorption capacity®. When the solu-
tion system was in a weakly alkaline environment at pH=7~10, the
surface charge of the above material was negative, and the proportion
of negatively charged uranium species was similar to that of
[UO,(CO3)3]*, [UOL(OH)s]™ and [(UO,)3(OH),I". Additionally, the pro-
portion of these species increased with increasing pH, thus leading to
an increase in electrostatic repulsion during the adsorption process.
The adsorption capacity significantly decreased, indicating that the
binding interaction between the functional groups and the adsorbent
uranium species did not dominate the course of the adsorption
capacity of the material in this process.

The adsorption isotherms of ZIF-70 and ZIF-60 as substrate
materials and their corresponding photoisomerized derivatives were
established and fitted with the Langmuir and Freundlich models

(Fig. 4b and Supplementary Table 3). The uranium adsorption capa-
cities reached 322.58mg-g? (ZIF-70) and 18519 mg-g™ (ZIF-60),
respectively, maintaining the good adsorption ability of the MOFs
series of materials*~%, However, with the introduction of photo-
switches, the adsorption capability of PSZ-70 increased whereas the
adsorption capability of PSZ-60 decreased. Without considering the
influence of the grafting rate or other factors on the adsorbent itself,
the key to determining the difference in the adsorption capacity is the
flux of the adsorbate in different pores. To verify this conjecture, we
adjusted the substrate in equal proportion to the difference in pore
sizes between ZIF-70 and ZIF-60 based on previous simulations and
examined the transferring behavior of ions induced by electric fields in
subsections (Fig. 4c). Using the previously established two-
dimensional intercept line inside the aperture as a reference system,
it was found that the ion flux decreased sharply with increasing dis-
tance inside the PSZ-60 compared to that inside the PSZ-70. Extending
this phenomenon to the actual adsorption process indicated that the
introduction of the HL1 photoswitch instead hindered the entry of the
uranium species into the interior of the ZIF-60 pore, which was
visualized as a decrease in the adsorption capacity of the material.
As shown in Fig. 4d and Supplementary Fig. 23, under the same UV
irradiation conditions, the maximum adsorption capacity of the two
photoisomerized composites varied with respect to the irradiation
time. The imidazole unit of the HL1 monomer in the open-loop state
included six T electrons, a nonaromatic Schiff base was formed when

Nature Communications | (2025)16:2361


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57638-4

~~
Q
N

(b)

30 9 zIF-60
60+ .
3 5| © psz-60
g 5001 2IF-70
£ 501 = PSZ-70
= 250 4
> o
= 404 T -
8 D 2004 =
=3 2 o s O
© 30 - *
G %0 = 150 4 w2
c ) -
2 20 & LIPS
2N 100 4 3
g X T
= ®
@ 10+ ]l = ) 00 2 184 28 28 410
L] 50 otu o ﬁ E % D Arc Length (A)
< “e
0 : r r r r T
3 4 5 6 7 8 9 10 0 1 2 3 4 5 6
pH Ce (mg-L™)
U adsorption
(d) capacity (mg-g*) (e)
ss0 280 EE- PSZ 7o|
—_ O-PSZ-GO & 604 [ PSZ-70-OPEN
] o 2507 = > N N PSZ-70-CLOSE-15min
o » A & o : : o N V77 PSz-60-OPEN
N o © 35 N D 240 - = / 5091 N i
N Rid wo o 2° L4116 E = - - o £ N R PSZ-60-CLOSE-15min|
@ ! > 220 SR . 2 0] N
S d = g \
S 200 o N
© g KDE FEN
F3632 & 4o0 ] | 2
3 5§ | 15 ]
> 4% © N “ = S 20N
N i o 42 > 42 oV 3 120 ,.0\ <3 \
DRI [ S 3 & 2 o o 5 \
o o N om0~ 0. o |2 10N
® 100 7 © e 17 %
= © \% %
< < N |V
- : - - - L1 40.00 80 +—r——————————————— \7Z::MEN\7
& RN & & R &£ S P S ® S ® S ® &
& & & & & I I A A A P P
o K K o S LR A A . Elements
(g) UV radiation time (h) (|
250 .
20 -©- Psz-60| — 500 [ PSZ-70-OPEN PSZ-70-CLOSE-15 minI
2104 LE_ PSZ-70 200 Y This work ) é Psz-60-OPEN [l PSZ-60-CLOSE-15 min
- - 1 -70- =) q
i uv m Visible Light PSZ-70-CLOSE | 2 400+ §
Irradiation -~ \.  Irradiation = This work | =~ \
) i= > 1501 psz-70-0PEN| & \
2 1504 s . < © 300 - \
% . \ S \
Z 1 g . £ & \
5 % = 5 1004 S §
v 7 . 35 < 200+ \
¥ 904 5 N N < 2 N\
( ‘. g g & g \
| S0 50 4 wES s ¥ @ e § ;
604 B €24 & & ¢ o \
38 § 5 & & 100 \
o § 2
30 o0—"0—--0 0 @ 9o ° b §
{1 o_.-0—--0— o ]
415 & & & & & N 0 150 300 450 600 4 ppm 6 ppm 8 ppm 10 ppm
S o S o 0 Q ) a o ) X
& P & 5‘* g Adsorption capacity (mg/g) Concentration of Uranium
¢ & & £ & g
¢ 7 ¥ § ¢

Fig. 4 | Adsorption and separation of uranium by the composite
photoisomerized MOFs. a Variation in the maximum adsorption capacity with pH
for ZIF-70, PSZ-70, ZIF-60, and PSZ-60. b Adsorption isotherms of two substrate
MOFs and their corresponding photoisomeric composites at 298 K. ¢ Visualization
of ion swimming by different substrate pore sizes of MOFs. d Comparison of the
maximum adsorption capacity of uranium by the photoisomerization process of
PSZ-70 and PSZ-60. e Photoisomerization fatigue test under alternate UV-Vis
exposure cycles (Purple color indicates the absorbance measurements under UV
irradiation, yellow color indicates the absorbance measurements under visible light
irradiation, and the bar widths do not correlate with the measurement duration.
Number-close indicates the number of times the photoswitch was in the closed
state during the five cycles test (i.e., the photoswitch was in the closed state for the

nth time (n=1, 2, 3, 4, 5)), and this description also applies to the open state).

f Adsorption selectivity of PSZ-70 and PSZ-60 with their corresponding open/
closed isomeric states for some metal cations in simulated seawater systems. g Test
of the separability of uranium and vanadium by in situ photocontrolled reversible
isomerization. h Comparison of the maximum adsorption capacities and U(VI)/V(V)
separation ratios of photoisomerized MOFs with adsorbent materials in some of
the similar experimental systems. i PSZ-70 and PSZ-60’s adsorption abilities in fully
open and closed conformations in natural seawater with uranium spikes. Error bars
in Fig. 4b and i represent standard deviations (SD) calculated from three inde-
pendent replicate experiments for each data point, the SD was computed to reflect
the variability of the measurements.

UV irradiation induced the closure and cyclization of its electron
orbitals. Therefore, we hypothesized that the main reason for the
observed phenomenon was related to the change in the photosensitive
properties of the photoisomeric monomer, which explains the hys-
teresis in the degree of closure relative to that of the monomer shown
by the change in the maximum adsorption capacity. DAE molecules
with unique light-absorbing properties, the resulting change in pho-
tosensitivity was mainly the result of a change in the electron con-
jugation structure. Similarly, in a constrained environment such as for
MOFs defined by the frame topology, the kinetic process of the

cyclization reaction of the photoisomerization unit was governed by
several factors, as Williams et al. concluded that the photoisomeriza-
tion rate was a function of the frame topology*’.

On the premise that there is a time lag in the DAE photo-
isomerization process in the framework compared with that of the
monomer, the changes in the adsorption capacity of the composites
are deriving from the ion mass transfer and coordination processes in
the pore channels. According to modeling results, with the DAE pho-
toisomerization process, the MOFs pore size further contracted,
creating unfavorable conditions for the guest adsorbate ions to enter
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the framework. In addition to this, compared to the initial conforma-
tion of photoswitching, the degree of conjugation of the DAE mole-
cules gradually increased under UV irradiation, and the electrons
contained in the sulfur atoms that undergo coordination with the
uranium species were averaged throughout the system, which led to
the decrease in the binding capacity of DAE molecules with
uranium®’ %, Combined with the above changes in pore properties, the
combined effect led to a decrease in the adsorption capacity of the
composite MOFs for uranium.

It is noteworthy that with the continuous application of UV irra-
diation, the adsorption capacity of the two MOFs materials underwent
a certain magnitude of recovery. Considering that the ring-opening
reaction of DAE molecules can only be driven by visible light, the
influence of the conformational transformation process involved in
this process on the adsorption behavior of the materials can be
excluded®. For adsorbent suspension systems subjected to prolonged
UV irradiation, water molecules in the solvent can interact with the
DAE molecules in the framework of MOFs via a hydrogen bonding
network®®, thereby increasing their absorption cross-section and
making them more susceptible to loss by UV radiation®“¢, Therefore,
according to the change process of the overall adsorption behavior
reflected in Fig. 4d, it is not difficult to know that when the photo-
switching completely reaches the closed-loop conformation, the
continuous UV irradiation leads to the dissociation of part of the DAE
molecules, and this ratio will further increase with the extension of the
irradiation time, and a similar phenomenon is also reflected in the
photoisomerization of the monomers (inset of Fig. 2f). On this basis,
this leads to an increase in the effective mass-transfer region in the
pore channel of the MOFs, which is displayed as a re-increase in the
adsorption capacity.

Figure 4e shows the change in the adsorptive capacity of the same
batch of adsorbent suspensions for the same UV radiation-induced
photoswitching off and visible light-induced ring opening. In general,
according to the UV-induced closed-loop mechanism of the 6m-
electron system in the DAE center, irreversible photoreactions
between certain homologous molecules can lead to fatigue. In
response to this phenomenon, chemical methods have been widely
used to expand m-conjugated systems and add electron-absorbing
groups to improve the resistance of space sites, thus reducing the
production of singlet oxygen in various oxidation byproducts during
irradiation switching and leading to improved fatigue resistance®”%. In
the present work, based on the perspective of slowing the aggregation
of DAE molecules in aqueous solution and the resulting self-quenching
phenomenon, the presence of substrate ZIFs with inherent spatial site
resistance effectively protected HL1 molecules, reducing the propor-
tion of isomerization byproducts during the above tests. Moreover,
the push-pull electron effect in the liquid phase between the electron-
deficient metal node and the electron-rich nitrogen end of the pyridine
ring of DAE molecules effectively prevented the self-polymerization of
DAE molecules, thus prolonging the photochemical lifetime and sta-
bility of the composites and providing positive feedback for main-
taining the fatigue resistance of the photoswitches®.

Selective U(VI) extraction mediated by photoisomerization
process

The results of the adsorption selectivity for the composite materials
are shown in Fig. 4f and Supplementary Table 4 for the two states:
completely open and completely closed. The ability of both materials
to selectively separate the respective isomeric states of uranium
exhibited considerable variance in complex systems in which several
metal ions coexist. Remarkably, the two composite MOFs showed
weaker uranium adsorption ability in the open state than in the closed
state. Although it may seem logical to assume that there are more
active sites for adsorption in the open state than in the single uranium
system, copper and other interfering ions are bound to ligands in the

materials, which to some extent inhibits uranium adsorption. Addi-
tionally, Rachel et al. demonstrated that the coordination of Cu(ll) to
DAE derivatives following UV irradiation treatment considerably
increased the amount of covalent bonding components in closed-state
composite MOFs™. The adsorbent itself is therefore subjected to the
influence of coexisting Cu(ll) to enhance coordination with uranium,
and the combined effect is that closed-state materials are more cap-
able of capturing uranium in complex system. Coincidentally, based on
the above discussion on the adsorption capacity of materials, from the
perspective of the MOFs structure, in the closed state, the cage-like
internal space carrying the guest adsorbent was isomerized, resulting
in the expansion of the ém-electron cloud of the conjugate system,
which increased the accessible interact probability with the guest
metal ions transferring in pore channels. Thus, the MOFs was more
likely to coordinate with uranium species to form the most stable
structure, which explains its excellent selective adsorption on closed-
state MOFs.

Compared with a single adsorbent system, when the irradiation
object is a multicomponent system, the switching kinetics of the
photomodulated conformation of the material at different times are
completely unknown. Considering the influence of the adsorption
process, the open-closed loop switching within the HL1 monomer
molecule necessarily occurs in coordination with the uranium-
vanadium species. The monotonic variation in the U(VI)/V(V) separa-
tion factor upon irradiation with different light sources and the higher
separation capacity demonstrated in previous selectivity tests, while
reflecting the adverse effect of material adsorption on photo-
isomerization, also confirmed the occurrence of photodesorption at a
certain level (Fig. 4g).

Figure 4h shows the U(VI)/V(V) separation factor of the as-
constructed photoisomeric composites in both states and compares
them with the reported uranium extraction results under the corre-
sponding conditions (Supplementary Table 5 lists the relevant condi-
tions and data)”®. Considering the variability of the experimental
systems, the U(VI)/V(V) separation factor of the as-constructed pho-
tomodulate isomerization material were the highest recorded to date
for applications in simulated seawater systems due to the synergic
effect between coordination process and special geometrical con-
straints, demonstrating the effectiveness of the strategy of selective
uranium separation by using photoswitching units. The capacity for
extraction in natural seawater with spiked uranium was investigated to
further evaluate the feasibility and application of the technique of
uranium adsorption by photoisomeric materials in complicated mar-
ine settings (Fig. 4i)**. The maximum adsorption capacities of the two
photoisomeric composites increased as the concentration of the
adsorbent substrate increased in both the completely open and
completely closed states, demonstrating the strong affinity of these
materials for uranium in the natural environment. Therefore, it is
reasonable to conclude that MOFs loaded with HL1 molecular photo-
switches can meet the demand for uranium extraction under real
seawater site conditions and further contribute to the goal of high-
efficiency and low-cost uranium enrichment due to the unique feature
of light-modulated isomerization.

DFT calculations of the adsorption configuration

To provide a comprehensive understanding of the coordination
structure and metal-ligand bonding, as well as to explain the reasons
behind the higher uranium adsorption capacity of PSZ-70
(588.24 mg-g") compared to ZIF-70 (322.58 mg-g™), the higher U
adsorption capacity of the open states of PSZ-70/PSZ-60 (588.24/
84.75 mg-g™) compared to the close states (416.67/38.46 mg-g™), the
achievement of a high U(VI)/V(V) SF for PSZ-70/PSZ-60, and the higher
U(VI)/V(V) SF of the close state (215.28/33.45) compared to the open
state (139.8/27.77), we conducted DFT simulations of complexes
formed from HL1 and UO,* (or VO,"). It is worth noting that, based on
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the analysis of the change in adsorption capacity of ZIF-60/PSZ-60 in
Fig. 4b, ¢ due to its internally limited mass transfer capacity, there is a
limitation in using DFT to account for the HL1 coordination capacity of
this material alone. At this time the numerical relationship reflected in
AG is only used to evaluate the binding capacity of HL1 to U(VI)/V(V).
Several possible complexes (Supplementary Figs. 24-27), each with
different numbers of HL1, H,0, CI', SO,*, OH", CO5*, and UO,* (or
VO,") units were simulated, and the complex with the lowest U(VI)/
V(V)-ligand binding energy (AG) was identified as the most stable
complex (Fig. 5a-k). Although CI” and SO4>" are most abundant anions
in seawater, their complexes with HL1 and UO,*'/VO,  shows sig-
nificantly higher binding energies (more than 200 kJ-mol™ higher in
AG). With significantly smaller energy barriers, the UO,?/VO, and HL1
tend to form complexes with OH™ instead of CI” and SO4*". Therefore,
from energetic perspective, the impact of CI” and SO4* on the U
extraction ability of our MOFs could be relatively small.

As can be seen, from Fig. 5a, b, both the closed and open states of
HL1 coordinated to UO,?* via 3 hydroxyl groups, forming a [(UO,)(HL1)
(OH);]” complex. Since uranium mainly exists in the form of
[UO,(CO3)3]* in seawater®, the complexation reaction can occur as
follows:

[UO,(CO3)5]*” +HL1+30H™ — [UO,(HL1)(OH),]~ +3C05*~

Further analysis suggested that seven metal-ligand bonds
(Fig. Se-k) were present in the [(UO,)(HL1)(OH);]” complex, with three
double bonds between U and the O of OH™ groups and a single bond
between U and the S in the HL1 moiety. The composition of each bond
is described in Supplementary Table 6. The seven bonds stabilized the
[(UO,)(HL1)(OH)s]” complex, making the complexation reaction exo-
thermic. Specifically, the AG values of [(UO,)(HLI°®**")(OH);]" and
[(UO2)(HLI®*)(OH);]" were -13510kJ-mol® and -33.18 kJ-mol?,
respectively. Previous research based on three reactions of uranyl
complexes with glutarimidedioximate ligands suggested that the AG
value determined from these DFT simulations is reliable for predicting
the trends of the reactions®®. Therefore, the low AG explained why PSZ-
70 had a greater uranium adsorption capacity than ZIF-70.

Although the same type of bonding and identical chemical com-
position were observed for [(UO,)(HL1%*")(OH);]™ and [(UO,)(HL1¢%*)
(OH)];, differences in the coordination structure were still observed.
In [(UOy)(HLI°®*")(OH);], the dimethylthiophene unit that was not
directly coordinated with UO,*" rotated to reduce the steric hindrance
between UO,*" and this group, which was impossible in [(UO,) (HL1°°)
(OH)5] since the two dimethylthiophene groups were linked together
in HL1°>*, Consequently, in [(UO,)(HL1°**")(OH)s]", UO,* remained
closer to the S atoms, forming stronger U-S bonds and making [(UO,)
(HL1°P*")(OH);]~ more stable than [(UO,)(HL1**)(OH)5]". Specifically,
the U-S distance in [(UOy)(HLI®™")(OH)s]" is 3.24 A, which is 0.09 A
shorter than the distance in [(UO,)(HL19*)(OH);]” (3.33 A). Conse-
quently, the AG of [(UO,)(HLI°**")(OH);]" was 101.92 kJ-mol™ lower
than the AG of [(UO,)(HLI®*¢)(OH);]", which could explain why the U
adsorption capacity of the open state of PSZ-70/PSZ-60 was greater
than that of the closed state.

Figure 5c, d suggest that both the closed and open states of HL1
coordinate to VO," via one OH", forming a [(VO,)(HL1)(OH)] complex.
Since the literature implies that vanadium mainly exists as [H,VO4] in
seawater®’, the complexation reaction can occur as follows:

[VO,(OH),]™ +HL1 — [VO,(HL1)(OH)] + OH™

In the [(VO,)(HL1)(OH)] complex, only two metal-ligand bonds
(Supplementary Fig. 29) were observed, including a single bond
between V and the O atom of the OH™ group and a single bond between
V and the S atom in the HL1 moiety. The composition of each bond is
described in Supplementary Table 7. With fewer bonds available to

stabilize the complex, the complexation reaction became endother-
mic, and the AG values of [(VO,)(HL1)(OH)] were significantly greater
than those of [(UO,)(HL1)(OH)s]". Specifically, the AG of [(UO,)
(HL1°"")(OH)]~ was 158.66 kJ-mol™ lower than that of [(VO,)(HL1°%")
(OH)], which explains why a high U(VI)/V(V) SF was achieved for PSZ-
70/PSZ-60. A greater difference was observed in the closed state of
HL1, with a AG of [(UO,)(HL1°°*¢)(OH)5]™ 199.83 kJ-mol™ lower than that
of [(VO,)(HLI®***)(OH)], which explains why the U(VI)/V(V) SF in the
closed state was greater than that in the open state.

DFT simulations were further conducted to elucidate the detailed
structure of PSZ-70. The optimized structure of PSZ-70-close (Fig. 5I)
was characterized by holes that were enclosed by HL1, and the sizes of
these holes coincided with the size of [UO,(CO3)5]*". The radius of the
hole, which is defined as the distance between the center of the hole
and the closest atom in the MOF, is 4.51 A. The radius of [UO,(CO5);]*,
which is defined as the distance between U and the outmost atom in
[UO,(CO5)5]*, is 4.28 A. Figure 5m shows that the optimized structure
of [UO,(CO5);]* overlapped exactly with the optimized structure of
PSZ-70-closg; this hole, by trapping [UO,(CO3);]* in the closed state of
PSZ-70, was responsible for the excellent uranium selectivity. Com-
pared with that of [UO,(CO53);]*", the size of [H,VO,]” was significantly
smaller. The radius of [H,VO,]™ (the distance between V and the out-
most atom in [H,VO,]") is 2.42 A, which is short than the radius of the
hole (4.51 A). As shown in Fig. 5n, it was more difficult for PSZ-70-close
to trap [H,VO4]™ due to the size mismatch. Therefore, the precise
trapping process of the uranium species in the as-prepared photo-
isomeric material was influenced by an immense spatial coordination
effect, and conclusions can be drawn from the above adsorption
results as well as from the outcomes of the above simulations on the
pore behavior of the photoswitch monomers and the composites.
Namely, [UO,(CO5);]*", which had a better geometrical match with the
pore structure than the competitor [H,VO,]", was firmly bound inside
the pore and thus strongly coordinated with the HL1 ligands, which
accounted for the excellent separation of uranium and vanadium in the
photoisomeric composites; this separation was possibly caused by the
spatially confined conditions provided by the MOFs pores. Similarly,
typical uranium-friendly amidoxime ligands exhibited less spatial
directionality when complexed with uranium; thus, the precise capture
of uranium could not be achieved in complicated seawater systems.

Methods
Characterizations
All scanning electron microscope (SEM) digital photograph were
obtained from Thermo Scientific Apreo Il SEM Field Emission Scanning
Electron Microscope and Energy Dispersive X-Ray Spectroscopy (EDX)
pattern of the measured elements were obtained utilizing EDAX GEN-
ESIS Series X-ray energy spectrometer. All samples involved need to be
sprayed with gold for 120 s before testing. 'H NMR were recorded on
Bruker Avance NEO 400 MHz and 600 MHz NMR spectrometer using
DMSO-d¢ with several drops Trifluoroacetic acid-d as the NMR solvent.
The correspondence samples’ spectra were calibrated against DMSO-
de. Powder X-ray diffraction (PXRD) patterns were recorded on a
Rigaku Corporation Combined Multifunctional X-Ray Diffractometer
Ultima IV Series with a copper X-ray source and a scintillation counter
detector. Samples were measured from 5 to 90 degrees in 2 theta using
a scan speed of 15° 2 theta per minutes. Fourier infrared transform
spectra (FT-IR) of samples were measured on a Bruker ALPHA Fourier
Transform Infrared Spectrometer. All samples are prepared using the
potassium bromide compression method. Data on the N, gas adsorp-
tion isotherm were gathered at 77K on a Micromeritics ASAP 2460
Series Multi-Station Expanded Automatic Specific Surface and Pore
Size Analyzer. All samples were degassed and held at 110 °C for 10 h.
UV-Vis absorbance spectroscopy was recorded on PerkinElmer
Lambda 35 Ultraviolet Visible Spectrophotometer. Photo-
heterostructured composites Diffuse Reflectance Spectroscopy (DRS)
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[(UO,)(HL1¢=e)(OH),I
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[(VO,)(HL1%=<)(OH)]
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Fig. 5 | Separation mechanism of uranium by the photoisomerized MOFs.

a-d Optimized complex structures formed by HL1?°* and UO,?", HL1®*" and UO,*,

HLI1?** and VO,*, and HL1°**" and VO," according to DFT simulations. e-k NBO
orbitals between U and O in the hydroxyl group and between U and S in the
dimethylthiophene group for the [(UO,)(HL1?**)(OH);]~ complex. | Optimized
structure of PSZ-70-close from DFT simulations. m, n Overlap of the optimized

structure of [UO,(CO3);]* with the optimized structure of PSZ-70-close, and
overlap of the optimized structure of [H,VO4]” with the optimized structure of PSZ-
70-close.H,C,N, O, S, U, V, and Zn atoms are shown in white, cyan, blue, red, yellow,
pink, black, and green, respectively. The NBO orbitals are indicated by green and
purple isosurfaces.
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were measured with a UV-vis-NIR spectrometer (Varian Cary 5000),
spectrally pure barium sulfate was used as a reference during the
analysis. A Kratos AXIS UltraDLD equipment was used to carryout X-ray
photoelectron spectroscopy (XPS) on the samples while employing an
Al Ka radiation source at 10 kV and 5 mA.

Synthesis of ZIF-60, ZIF-70, PSZ-60 and PSZ-70

ZIF-60: Stir for an hour while sonicating 0.81g (2.73 mmol) of
Zn(NO3),-6H,0 that has been dissolved in 90 mL of DMF solution.
When the mixture was transparent, 0.54 g (7.95 mmol) of imidazole
and 0.21g (0.52 mmol) of 2-methylimidazole were added to the reac-
tion system and stirred for 10 h at 85 °C. After the reaction was com-
plete, the system was cooled to the room temperature, washed three
times alternately with ethanol and DMF solution, and the resultant
white powdered product was dried under vacuum.

ZIF-70: The Pyrex tube was filled with 0.2g of Zn(NOs),-6H,0,
then 1 mL of DMF solution was carefully poured along the tube’s wall
and sonicated until the solution was clear and colorless. This cleared
solution was then incorporated with 2.5 mL of DMF solution, 0.05g
(0.74 mmol) of imidazole, 83 mg (0.74 mmol) of 2-nitroimidazole, then
sonicated one more to obtain a clarified yellow solution. Liquid
nitrogen was used to freeze the system, and the Pyrex tube was sealed
using internal evacuation and flame. The reaction system was created
in batches, and then the sealed Pyrex tubes were subjected to a 4-day
reaction at 120 °C. Following the reaction’s termination, the glass tubes
were allowed to cool naturally to room temperature. The products
were then washed with DMF solution alternating with MeOH solution
before being submerged in brand-new chloroform solution for
further usage.

PSZ-60 and PSZ-70: The preparation of the two photo-
isomerized MOFs is identical, with the only difference being the
MOFs substrate used in the reaction. The synthesized photoisomer
HL1 was mixed with 50 mL of n-butanol solution and dissolved by
ultrasonication, and a certain amount of ZIFs material was added and
left at 120 °C for four days. Following the reaction, the system was
cooled to room temperature, the remaining liquid in the reaction
vessel was discarded, the product was washed three times with DMF
while alternately washing with methanol solution, and the solid that
resulted from the washing process was then freeze-dried for use in
subsequent experiments.

Synthesis of DAE photoswitch (HLI)

A 1000 mL jacketed flask inside had nitrogen gas purged before
reaction feeding. Mechanical stirring was used to mix enough TiCl,
into 100 mL of dichloromethane, and an external low-temperature
coolant circulation pump was adjusted at a temperature range of -15
to =5 °C. 1.8 mL (22.3 mmol) of pyridine and 5.076 mL (44.6 mmol) of
2,5-dimethylthiophene were added while maintaining a constant drop
acceleration rate of half a drop every second using a constant pressure
dropping funnel. The same dropping rate was used to add 2.285 mL
(26.8 mmol) of oxalyl chloride following the addition of the reactants.
The reaction temperature was set to —10 °C after the addition and
maintained there for 4 h. The external coolant circulation was now
stopped, and TLC (thin-layer chromatography) was used to track the
reaction in real time. The reaction mixture was transferred to a
separatory funnel to separate the organic layer after 250 mL of 0°C
deionized water was cautiously added to the flask in multiple pieces
when the system temperature reached 0 °C. 150 mL of chloroform was
used to extract the aqueous layer twice. The separated organic phases
were then mixed, neutralized three times with deionized water, and
washed with saturated sodium bicarbonate solution and saturated
sodium chloride solution in that sequence. After using anhydrous
sodium sulfate to dry the organic phase, the reddish-brown liquid was
then obtained by filtering under reduced pressure, concentrated by
spin evaporation, and then the product was separated from impurities

using silica gel column chromatography with an 8:1 eluent mixture of
hexane and ethyl acetate solution. Verification using thin-layer chro-
matography revealed that the Ry Value was 0.38. This is intermediate
1,2-bis-(2,5-dimethyl-thiophen-3-yl)-ethanedione.

Using the intermediate product from the above reaction as a
guide, 25 mL of glacial acetic acid was added to the flask, then 2.875 g
(37.3 mmol) of ammonium acetate was added while magnetic stirring
was used. Finally, 450 mg of the intermediate product was added
when the solution was lucid and transparent, and it was evenly dis-
persed throughout the system. The reaction system was then main-
tained at reflux for 48h at 90°C, adding 0.9mL (37% w/w) of
formaldehyde solution drop by drop. A little amount of off-white
insoluble substance was formed when the reaction was finished, the
system was cooled to room temperature, and 45 ml of deionized
water was added. After that, the system was neutralized to pH=7
using ammonia, with the knowledge that there would be a further
increase in the amount of insoluble material. The suspension system
was put into a partition funnel, and the organic phase was extracted
using 250 mL of dichloromethane in three steps. After that, it was
washed with saturated sodium bicarbonate solution and saturated
sodium chloride solution, dried with anhydrous sodium sulfate, and
then filtered under reduced pressure to obtain an orange solution.
Rotating evaporation was used to dry the solution, and once
numerous off-white crystals had formed, a small amount of methyl
tert-butyl ether was added and boiled. The final product, HL1 (4,5-
bis(2,5-dimethyl-3-thienyl)-1H-imidazole), was then quickly filtered
under decreased pressure. Yield: 0.14 g, 31% yield.

'H NMR analysis of HL1/ZIF-70/PSZ-70/ZIF-60/PSZ-60

The samples to be tested were accurately weighed and dissolved using
DMSO-d¢ with three drops of Trifluoroacetic acid-d, controlling the
concentration of all samples to be 0.1 M. The MOFs materials before
and after grafting with the photoisomer were tested using a Bruker
Avance NEO 400MHz and a Bruker Avance NEO 600 MHz,
respectively.

The measured "H NMR spectra were baseline and phase corrected
using MestRenova software, and then accurately analyzed by peak
finding and integration. The proton peaks in the spectra were identi-
fied according to the chemical structure of the measured substances,
and the MOFs were analyzed by the organic molecules contained in the
structural building blocks. The grafting rate was determined using the
peak area comparison method while controlling the sample con-
centration before and after the grafting photoswitch. Based on the
differences and peculiarities of the chemical structure composition of
the two MOFs materials, their grafting rates were calculated as
shown below:

For PSZ-60:

Absolute value of the integral area (PSZ — 60 — §(6.69))
Absolute value of the integral area (PSZ — 60 — 6(7.68))

grafting ratio (%)=

For PSZ-70:

Absolute value of the integral area (PSZ — 70 — §(6.71))
Absolute value of the integral area (PSZ — 70 — §(7.68))

grafting ratio (%) =

UV-Vis absorption spectroscopy study of HL1

In a 50 mL transparent quartz glass tube, correctly weigh 0.0018 g of
HL1 monomer, pour 20 mL of CH;0H along the tube’s wall, and soni-
cate for 10 min to completely dissolve it. The prepared system was
placed in the photochemical reactor with the magnetic stirring device,
and the UV radiation was applied simultaneously with the stirring
device being switched on. A UV-visible spectrophotometer was used to
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measure the spectra in the 200-800 nm region after samples were
obtained at the proper time intervals.

Study of UV-visible solid diffuse reflectance spectra of MOFs
materials

An appropriate amount of sample was deposited on the quartz glass
surface in the sample tray after the MOFs had been thoroughly ground,
and the screw cap was tightened at the bottom to spread the sample
out equally in the window. Spectra of samples between 200 nm and
800 nm were measured using BaSO, as a reference.

Adsorption in U-spiked simulated seawater

1L of deionized water was used to dissolve 0.153 g of sodium bicar-
bonate and 25.6 g of sodium chloride. This solution was then soni-
cated for 24h and stored in a sterile reagent container. The
procedure used to set up the adsorption system was as follows: the
amount of simulated seawater needed for the experiment was
adjusted to pH=8.0 using 0.01M NaOH and HCI, and then the
simulated seawater, uranyl nitrate solution, and adsorbent suspen-
sion were added to the PE centrifuge tube in the appropriate quantity
based on the differences in the adsorption experiment being inves-
tigated. To simulate the actual process of uranium extraction from
seawater, we set the concentration of uranyl nitrate in the static
adsorption study to be in the range of 0.8-4.8 ppm and the mass of
the adsorbent involved to be 5 mg. The tubes were taken out from a
constant temperature air bath shaker after 24 h and centrifuged at
12000 rpm. After adding a certain amount of supernatant, 0.5M
nitric acid solution, deionized water, and arsenazo (lll) solution to a
clean 20 mL glass vial, the solution’s absorbance was measured at
652 nm by spectrophotometry after 20 min of color development.
The data were measured and recorded.

pH-dependent uranium adsorption in U-spiked simulated
seawater

According to the method for adjusting the pH of simulated seawater,
the pH of the eight centrifuge tubes was set t0 3,4, 5,6, 7, 8,9, and 10,
respectively, and the final uranium concentration was calculated in the
same way. The behavior of the adsorption capacity of the material with
pH can be obtained by using pH on the graph of uranium removal
rate, where the uranium removal rate is expressed by the following
equation:

Cy—C
Uranium Removal Rate (%) = (Ocie) x100%
0

Where Co (mol-L™?) is the actual initial concentration of uranium in each
tube, C. (mol-L™) is the concentration of uranium in each tube at the
moment of adsorption equilibrium.

Adsorption thermodynamics study in U-spiked simulated
seawater

For the study of the thermodynamic behavior of the adsorption of
MOFs substrates, several parallel experiments should be conducted,
and error bars should be used to reflect the fluctuation of the data. The
experimental data were fitted based on the following two adsorption
models. One of them is the Langmuir adsorption model, and the spe-
cific mathematical expression is:

Ce_ce

de  9m

1
Kalm

Where C. (mg-L™) is the concentration at adsorption equilibrium in the
tube, q, (mg-g™) is the maximum adsorption capacity of the material
in the current system, and k, is the correlation coefficient to char-
acterize the binding ability of the material to uranium.

And the other one is the Freundlich adsorption model, which has
the equation is:

1
lgq. =lgk, + - 1gCe

Where n and k;, are the experiment-related empirical constants.

The experimental data were fitted to the two models at 300 K, and
the result of the correlation coefficient R* was used to attribute the
adsorption behavior of the materials. The maximum adsorption capa-
city of the adsorbent materials at the current temperature conditions
was calculated using the corresponding adsorption isotherm equation.

Adsorption behavior of materials in two states of photo-
isomerization in U-spiked simulated seawater
In this section of the work, the design of the adsorption system in a
simulated seawater environment was used to carry out the switching
control of the two photoisomeric MOFs artificially utilizing external UV
irradiation. This portion of the study is expected to investigate, in con-
trast to conventional static adsorption experiments, the impact of irra-
diation time on the degree of photoswitch closure, and then evaluate
the retention capacity of uranium in the current closed state using the
material’'s maximum adsorption capacity at the corresponding time.
After the instrument is protected from light, the suspension of
adsorbent under UV irradiation is pipetted into a centrifuge tube in
batches with a certain time gradient under magnetic stirring, and then
simulated seawater and uranyl nitrate solution are added sequentially
according to the arrangement of the adsorption system until the
adsorption equilibrium is reached and then the absorbance of the
solution is determined. It is important to remember that these steps
must be carried out in complete darkness. By plotting C. versus qe, the
adsorption capacity of the photoisomeric composites can be deter-
mined at different irradiation times.

Photoswitch fatigue test

In this section of the research on fatigue resistance, the adsorbent
suspension was exposed to UV light for 15 minutes, and the system was
taken out of the photochemical reflector as soon as a sample was
taken. At this point it is placed in a visible light irradiated environment,
after 20 minutes of exposure, we believe that the photoswitch has
completely recovered from its initial closing conformation. Following
this, the operation is repeated, with one UV-visible light sampling
process being recorded as one cycle. Five cycles are then carried out to
ensure the validity and consistency of the experimental data.

Study of selective adsorption behavior of materials in simulated
seawater
In this section of the study, we investigated the open and closed state
selective adsorption of two photoisomeric MOFs. We varied the con-
centrations of six elements—U, V, Cu, Fe, Ni, and Co—to 100 times the
concentration found in natural seawater for the test out of convenience.
The adsorption system was set up and placed in a constant temperature
air bath shaker for 24 h before the determination of the metal elements
using ICP-OES. The regulation of the photoswitch of the two materials
was the same as the research methodology described above.

For the calculation of the material uranium-vanadium separation
factor ratios, the following equations are to be referred to:

_ Kq(U)
A

The partition coefficients k for uranium and vanadium need to be
accounted for concerning the initial concentration of the two sub-
stances in solution and the concentration after adsorption equilibrium,
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and the results of the relevant concentration measurements have been
given in Supplementary Table 4.

Stability testing of uranium/vanadium selectivity within the
open-closed-open cycle of an in-situ modulated photoswitch

In contrast to selectivity studies of composite MOFs with defined
open/closed conformations, the in-situ modulation process incorpo-
rates the effect of the solution system on the photoisomerization
process, which is in principle difficult to predict trends in the change of
its relevant properties. A polymetallic component system identical to
the ion-selectivity experiments was prepared, and then a certain
amount of adsorbent suspension was added for adsorption. Samples
were taken at different time intervals under the irradiation of different
external light sources, and the real-time changes in the ability of the
materials to separate uranium and vanadium were determined using
ICP-OES.

Adsorption in U-spiked natural seawater

Natural seawater from Ningde, Fujian Province, which was utilized in the
studies, had to be isolated and filtered to get rid of any insoluble pol-
lutants before use. The same uranium was spiked into three parallel sets
of experiments at concentrations of 4, 6, 8, and 10 ppm, respectively.
The photoisomerization of the adsorbent was controlled by maintaining
the same solid-liquid ratio of the adsorbent in each PE tube to maintain
control of the variables until the adsorption equilibrium was reached
after 24 h. With respect to the backdrop of the corresponding uranium
concentration, the material’s maximal adsorption capacity was assessed
spectrophotometrically.

Simulations and DFT calculations
The detailed COMSOL simulation methods and DFT calculation
methods can be obtained in the supplementary information.

Data availability

All data supporting the findings of this study are available within the
main text, supplementary information, and source data file. The source
data of adsorption experiments and the atomic coordinates of the
optimized computational models have been deposited in Figshare
under accession code DOI link [https://doi.org/10.6084/m9.figshare.
25293835].
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