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ABSTRACT: Facilitating different chemistries between the rare
earth (RE = La-Lu, Sc, Y) ions is of significant interest for their
separations. While the bulk of attention has been on maximizing
the small differences in their ground state chemistry, interest is be-
ginning to shift towards the differences in their electronic excited
states. In this work, we demonstrate modulation of the photosta-
tionary state of an azobenzene derivative, Nal, via chelation to a
series of REMDO3A (DO3A = 1,4,7,10-tetraazacyclododecane-
1,4,7-triacetic acid) complexes. The extent of photoisomerization
of 1- follows the trend in RE™ Lewis acidity with two exceptions:
Sm"" and Er'. UV-Vis spectroscopy, titration experiments, and
computational analysis show these exceptions are a result of energy
transfer rather than differences in ground state chemistry. These re-
sults open a pathway to differentiate REs by a new photochemical
means.

Rare earth (RE) elements: the lanthanides (La-Lu), Sc, and Y,
are well-established to exhibit similar chemical properties,! while
the unique magnetic and photophysical properties of individual RE
elements are invaluable in permanent magnets,? optics,® and lumi-
nescent probes.* Due to their importance and the challenges asso-
ciated with individual RE element purification by solvent extrac-
tion, the REs have been identified as “critical materials”.”>”7 Indi-
vidual separation of REs from mixed feedstocks have primarily tar-
geted the small and continuous decrease in ionic radii of the RE™
cations, e.g. using coordination chemistry, requiring sequential
separation of the ions, with its associated cost of solvents and en-
ergy.? As such, there is a long-standing, and yet unrealized, interest
in developing targeted RE separations based on individual cation
properties.® Notably, the electronic excited state energies of the
RE!" cations differ greatly between neighbors, which might offer a
means to chemically differentiate the ions.

Differentiation between some RE" ions in photochemical pro-
cesses are known based on oxidation state changes, including pho-
toinduced reduction of Eu' to Eu','%'12 and photo-oxidation of
Ce to Ce'v.!> While promising, the underlying mechanism for
these processes rely on redox chemistries of the ions, which are not
accessible for other RE™ cations under mild conditions. We re-
cently showed that excited state energy transfer to Dy 4f states
slows an oxygen atom transfer reaction compared to the nearly
identical-sized Y™, which lacks an appropriate energy transfer
pathway (Figure 1a).'* This discovery indicates the potential of

targeted RE photo-separations by tuning ligand excited states to
match with RE'" ions. However, reversibility of the photochemical
reactions would be an important attribute to achieve future separa-
tions system incorporating light.
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Figure 1. Photochemical studies with RE" complexes showing (a)
differentiation of RE"™ complex reactivity via energy transfer, (b)
orthogonality of RE'"" photoluminescence and ligand photoswitch-
ing, and (c) our work in which photoswitching is quenched by en-
ergy transfer to select RE' centers.



Photoswitches, such as azobenzenes, have attracted attention for
their reversible isomerization, diversity in chemical and photophys-
ical properties, and broad utility.!> Studies of the effect of proxi-
mate RE™ cations on the properties of photoswitches have yielded
mixed results. Azobenzene complexes were shown to sensitize the
near infrared luminescence of Nd"™' and Yb'!!,'¢-18 with limited in-
vestigation on the effect of these RE'"! ions on photoisomerization.
Other photoswitchable ligands (N2> and [CoHo]") have shown that
modulation of the RE™ metals alter the photoswitch properties of
the complexes.'®?® However, the majority of reported REM-
azobenzene complexes show no modulation of the photoisomeriza-
tion through interactions with proximate RE'" cations.?!?’ Indeed,
Faulkner, Langton, and co-workers recently studied Eu' and Nd™
complexes with azobenzene-functionalized 1,4,7,10-tetraazacy-
clododecane-1,4,7-triacetic acid (DO3A) ligands for development
of optical memory storage media and concluded that energy trans-
fer to the metal cations was completely absent in the observed pho-
tophysical properties of those complexes (Figure 1b).28

In this work, we study the photophysical properties of a chelating
azobenzene derivative upon coordination to RE" complexes:
[RE™(DO3A)-1]-. We demonstrate a Lewis acidity trend in the ex-
tent of isomerization at the optimized photostationary state (PSS).
Importantly, a break in this trend is observed for RE = Sm or Er,
which reach much lower Z/E ratios at the PSS than would be ex-
pected based on Lewis acidity. This is attributed to energy transfer
from the excited ligand 1 to Sm'"" and Er'" excited states, quenching
photoisomerization (Figure 1c). These results are an important
finding towards generating single ion-selective reactivity among a
series of REs that disrupts typical trends in the chemistry of these
metals, towards a new basis for selective RE separations.

Scheme 1. Synthesis of Nal.
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Direct coordination of one of the aryl moieties of an azobenzene
is desirable for maximum energy transfer, as the sensitization effi-
ciency of the lanthanides from organic moieties is strongly depend-
ent on the donor-acceptor distance.?” The picolinate group has been
previously established to form stable complexes of RE™ cations™
and is structurally similar to the 4-pyridyl moiety of azobenzene
utilized in other photoswitchable metal complexes.’!3? For these
reasons, the bidentate picolinate azobenzene (Nal, Scheme 1) was
targeted. The ligand Nal was synthesized by Baeyer-Mills cou-
pling and isolated as orange crystals. A scan of irradiation wave-
length found 360 nm light to induce the lowest absorbance at 314
nm, indicating a maximized Z/F ratio (0.05, Figures S1) for Nal.
To ensure 1:1 coordination of the bidentate azobenzene derivative
to a RE" metal center, the DO3A ligand was chosen (Scheme 2).
The RE"-DO3A (RE=Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho,
Er, Tm, YD, or Lu) complexes were synthesized according to liter-
ature procedure with additional HPLC purification to remove all
uncoordinated RE™ species (see Supporting Information).3334

10 equiv. NaOH(aq)

pyr|d|ne No
80°C, 18h

The association constants (K) of Nal to the REM-DO3A (RE =
Y, La, Nd, Sm, Eu, Ho, Er, Tm, Yb, and Lu) complexes in methanol
were measured by UV-Vis absorption spectroscopy titration (Fig-
ure S2-S4, Table S1).333¢ Speciation analysis showed that a sizable
proportion of 1- was not coordinated to the REM'DO3A (as little as
44% coordinated for La") at a 1:1 stoichiometry at these concen-
trations ([Nal] = 50 uM). Increasing the relative concentration of
RE"DO3A to 2 equiv. in relation to Nal ensures at least 94% of 1-
is coordinated for all RE'DO3A except La'! (Table S1, 65%). We
next turned to evaluating the photochemistry of the series though
PSS determination.

Scanning the irradiation wavelengths for each of the RE™ com-
plexes found 355 nm irradiation to induce the largest change in the
UV-Vis absorption spectra. This differs slightly from the free 1- due
to the change in the spectra upon coordination with a RE™. To in-
vestigate the effect each RE'" metal has on the photoisomerization
of coordinated 1, a solution of 2:1 RE"-DO3A:Nal was prepared
in methanol and continuously irradiated with 355 nm light while
monitoring by UV-Vis absorption spectroscopy from 250 — 600 nm
at 25 °C until the PSS was reached (10 — 90 min). Upon irradiation,
the absorbance values at 320 nm decreased, characteristic of azo-
benzene E to Z photoisomerization (Figure S5-S20). Large differ-
ences in the absorbance at the PSS, as well as the rate to reach the
PSS, for the RE" complexes of 1~ were observed, depending on the
identity of the RE'" present (Figure S21). The percentages of the £
and Z isomers present at the PSS of each complex were calculated
from UV-Vis absorption spectra using Fischer’s method (see Sup-
porting Information)” and are shown in Figure S22 and Table S2.
The largest, least Lewis acidic RE™ cations, La! to Pr'!l, indicated
a change in absorbance comparable to that of Nal with no RE"-
DO3A present. Starting with Nd'™, the change in absorbance, and
therefore the extent of isomerization, increases with decreasing
RE!" cation size to Yb'!!, which showed the largest change in ab-
sorbance from a PSS absorbance value of ~0.9 (0.05 mM) for Nal
to a PSS absorbance of 0.6.

This trend, with more Z isomer present at the PSS with the
smaller cations, indicates a Lewis acidity effect. Such trends for the
rare earth elements are well-known to produce differences in their
chemistries across the series.>®* Inflection points in these trends,
observed here for Lu', are also frequently observed, typically at-
tributed to changes in binding modality.** For 1, increasing the
Lewis acidity of the coordinating metal, up until Yb'", evidently
increases the extent of isomerization at the PSS. The half-lives of
the thermal relaxation of Na[RE"DO3A-1] correlate more strongly
with the %E of the sample at the PSS than with the Lewis acidity
of the RE™ cation (Figures S23-S24 and Table S3). This result in-
dicates the increased ratio of Z/E with Lewis acidity cannot be ex-
plained by a decrease in the rate of thermal relaxation. The absorb-
ance of [REMDO3A-(E-1)] at 355 nm shows little dependence on
the identity of RE' (Figures S6-20), also excluding an increase in
absorptivity of the £ isomer as an explanation for the trend in Lewis
acidity. A decrease in the absorbance of [RE'DO3A-(Z-1)], slow-
ing the reverse photoisomerization process is possible, but absorp-
tion spectra of sufficient precision of the Z isomer could not be cal-
culated, as yet, to verify this hypothesis.

Scheme 2. Coordination of Nal to RE"-DO3A and isomerization.
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In both the PSS and the thermal relaxation analysis, two RE™
complexes show an exception to the Lewis acidity trend:
Sm™DO3A and Er'"DO3A (Figure 2, green points), which display
an anomalously small change in absorbance at the PSS compared
to neighboring cations. The PSS absorbance recorded for
Na[Er'"(DO3A)-1] was 0.78, which is larger than the value of 0.67
that might be expected for this complex, while that for
Na[Sm(DO3A)-1] was 0.95, compared to an expected value of
0.86 (Figure S25). As such, an additional factor must determine the
PSS of those RE = Sm, Er complexes: quenching by their 4f excited
states. While azobenzenes have short excited state lifetimes (~101°
- 1072 s)*! and are thus rarely shown to experience excited state
quenching, we propose that Sm'™' and Er'! provides an efficient
enough pathway to depopulate the excited state of 1 to compete
with photoisomerization (Figure 3).
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Figure 2. (a) Absorbance at 320 nm of a solution of Nal and 2
equivalents of the indicated RE"-DO3A at the PSS irradiated with
355 nm light normalized to the dark adjusted sample (100% E iso-
mer). Error bars represent standard deviations (n = 3). Experimental
conditions: [Nal] = 50 uM, [RE"-DO3A] = 100 uM in methanol,
25 °C.

To further investigate the likely energy transfer pathways be-
tween 1 and the paramagnetic RE™ cations, we performed DFT cal-
culations to determine the energy levels of the excited states of
[YT™(DO3A)-1]. Geometry optimization and conformational
search confirmed the global minimum (Figure S26), and excited
state calculations were conducted using TD-DFT and ASCF (see
Supporting Information for details). The m—n* state (S¢, 28457 cm
1) of 1, several predicted singlet states between 26000 and 28000
cm! with low oscillator strength, and the n—n* state (Si, 20008
cm!) match well with 4f states of Sm'! and Er'"" to allow energy
transfer (Figure 3). Photoisomerization of azobenzenes has been
shown to primarily proceed through singlet excited states.*! How-
ever, due to the increase in intersystem crossing rates induced by
the proximate rare earth cations, involvement of the triplet states of
1" cannot be excluded. The two lowest triplet states obtained from
TD-DFT (T2 = 17807 cm™ and T: = 14084 ¢cm™') match favorably
with Er'', but are >3600 cm! higher in energy than the closest
downhill Sm™ state (°F112). The emitting state of Sm'™ (*Gsz =
17878 cm™) is located above these triplet states, indicating popula-
tion of the emitting state would be rapidly depopulated by energy
transfer to these triplet states and thereby quenching Sm!" lumines-
cence. Spectroscopic analysis of the luminescence of
Na[Sm"DO3A-1] found no increase in emission intensity com-
pared to Sm""DO3A with an excitation wavelength of 355 nm, sup-
porting this proposed energy transfer pathway. Further, if the true
Ti energy is closer to that calculated by ASCF (8907 cm™),

favorable matches with Sm™ and Er'" 4f states exist which termi-
nate the energy transfer pathway with metal-based excited states.
While a plausible quenching pathway for Sm'" and Er'"'is put forth,
many other RE" also have excited states with good energy match-
ing (e.g. Eu" and Ho", Figure S27). To fully understand the dif-
ferences in behavior between these RE™ complexes, a more de-
tailed modeling of the energy transfer process is needed, as noted
previously.'

30000 —_
A s ENT = B Se——— EnT
] ‘\;: = N\
o :4611 2 Sz __ Gswz
Isg = = Usc T
20000 ~—= —
£ S\ } “Fin S,y M—Hu
Qo H T2 ‘ 4 Tz;\ Sz/z
= o/ = 2 IS s
> . S B i N Ton
2 & [T 5Ty
8 g" Eé? 4]’9/?
Wio000{ &y e Sy — Ty
SN hv o2 S/ hv
o\ 772 < 4
[f pr— ff \ (9
Js,| — /s, |
od 1 P e, 1 Pl
1 Sm & Ern ™

Figure 3. Energy level diagram illustrating the proposed pho-
toisomerization quenching of (a) Sm"™ and (b) Er'" via energy
transfer.

We have demonstrated a Lewis acidity trend in the photoisom-
erization of an azobenzene (1°) coordinated to REM'DO3A with two
important exceptions: Sm™ and Er'. These exceptions cannot be
explained by binding strength or ionic radii differences alone. Ra-
ther, photoisomerization quenching by energy transfer from 1 to
Sm'" or Er'" as shown in Figure 3 adequately explains this break in
the trend. Computational analysis of the excited states of
[Y'DO3A-1] reveal good energy matching between the relevant
states of 1 and the known 4f-4f states of Sm"™ or Er'"' to facilitate
efficient energy transfer. However, due to the known inaccuracies
of these computational methods, lack of knowledge of the precise
energy levels of the RE™ in this system, and lack of observed lu-
minescence, detailed modeling of the energy transfer process is
outside the scope of this study and will be investigated subse-
quently. Regardless, these results reveal a promising avenue for
RE!" differentiation by incorporation of azobenzene photoswitches
and work is currently underway to better understand and exploit the
findings of this work.
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