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Optical information storage requires careful control of excitation and emission wavelengths in a
reversible and orthogonal manner to enable efficient reading, writing, and erasing of information.
Photochromic systems, in which a photoswitch is typcially coupled to an emissive organic fluorophore,
have much promise in this regard. However, these suffer from considerable spectral overlap between
the switch and fluorophore, such that their emissive and photoswitchable properties are not orthogonal.
Here, we overcome this limitation by coupling visible/NIR emissive lanthanide complexes with molecular
light. Crucially,
photoswitching does not lead to sensitised emission from the lanthanide, while excitation of the

photoswitches, enabling reversible and orthogonal photoswitching with visible

lanthanide does not induce photoswitching, enabling the state of the system to be probed without
perturbation of the switch. This opens up the possibility of developing multi-colour read—write methods

rsc.li/pcecp

Introduction

The development of photoresponsive molecular systems is an
area of intense current research.'™ The ability to engineer
spatio-temporal control over molecular function has led to the
development of a wide range of molecular photoswitches,®® with
applications spanning chemistry,” materials science,'® biology,"
medicine,”” and information storage."® Azobenzenes are a well-
established class of molecular photoswitches, undergoing facile
photoisomerisation between cis (Z) and trans (E) isomers, with an
accompanying change in geometry and dipole moment.’*** As a
result, many biological applications dependent on the photoisome-
risation of azobenzenes have been developed.'®” The develop-
ment of systems which respond to visible and near-infrared (NIR)
light are especially desirable as the energy required as a stimulus is
much lower in energy in contrast to more typical UV-triggered
photoswitches.”® Photoswitchable emissive derivatives, accessed
by coupling an emissive moiety to a molecular photoswitch, are
particularly attractive for both the control and interrogation of such
systems, particularly for optical information storage in which light
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for information storage using emissive photoswitches.

is used to “read” and “write” data.’® In this approach, one
wavelength of light is required to “write” the optical information
by changing the systems state via a photochemical process. Irradia-
tion with a second wavelength of light allows for this optical
information to be “read”, by probing the state of the system. For
effective, reversible read and write steps, these processes must be
orthogonal and reversible: ie. the excitation wavelength of the
reporter in the “read” step does not perturb the system state (the
photochromic reaction); emission does not induce energy transfer
to the switch; and that the writing process does not itself lead to
emission.* Reversibility of the system allows for data erasure and
subsequent re-writing (Fig. 1).

In principle, this process could be achieved by independently
controlling the molecular switch, whilst using the emission as a
read-out of the system’s state, provided that the wavelengths of
light used to control the photoisomerisation of the switch and the
excitation/emission of the chromophore are orthogonal. While
organic fluorophores are commonly utilised in imaging applica-
tions, the absorbance bands of organic photoswitches and fluoro-
phores often overlap, as a result reading the data without perturb-
ing the system’s state (point III) in (Fig. 1) is difficult to achieve.**
One solution to this challenge is to employ lanthanide complexes
as the emissive moiety, with a judicious choice of ligand enabling
its decoupling from the lanthanide luminescence.>* Furthermore,
the narrow bandwidth of lanthanide emission also allows for
insight into molecular structure,® while long emission lifetimes
may be exploited in time gated imaging.**~’
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Fig.1 Design of an optical information storage system, where two
azobenzene based memory states can be written by orthogonal wave-
lengths of light in a fully reversible manner, steps () and (Il). Step (lll)
describes the reading of this optical data via orthogonal emission of a
lanthanide, which itself does not perturb the system state.

Lanthanide complexes with integrated molecular photo-
switches are extremely rare. A number of lanthanide dithieny-
lethene complexes have been reported, in which there is
considerable spectral overlap between the lanthanide and the
photoswitch. Consequently, irradiation into the absorbance
band of each isomer directly influences the optical properties
of the lanthanides.**** In one report, Kawai and co-workers
were able to decouple this system for applications in biological
media and optical memory information storage.’® Conversely,
only a handful of azobenzene lanthanide complexes have been
previously reported.*> *® However, there are only two reports of
kinetically stable*” photoswitchable lanthanide complexes, and
in these systems the azobenzene moieties have not been opti-
mised, exhibiting inefficient photoisomerisation upon excitation
with UV light, and a short thermal half-life for the Z isomer.***°

Herein, we report the design and synthesis of photoswitchable
lanthanide complexes, with high visible light induced photoswitch-
ing efficiency and visible/NIR emission. Importantly, we demon-
strate that the excitation and emission of the lanthanide is
orthogonal and entirely decoupled from the molecular switch. To
the best of our knowledge, this represents the first example of a
visible light switchable lanthanide complex in which orthogonal
control and interrogation of the system is achieved using an
unprecedented four orthogonal wavelengths of visible and NIR light.

Approach

To achieve orthogonal photocontrol, in which photoswitching is
decoupled from the excitation and emission of the lanthanide, the
choice of both the organic photoswitch and the emissive
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lanthanide was carefully considered. We identified europium(m)
and neodymium(m) as suitable lanthanides, bound within kineti-
cally stable 1,4,7,10-tetraazacyclododecane-1,4,7-tris-t-butyl acetate
(DO3A) complexes.*>** Europium(m) has relatively high quantum
yields, long luminescent lifetimes (ms) and emits in the red
region, making it easy to detect using conventional spectrometers
or fluorescence microscopes.”>>> However, it has a low molar
absorption coefficient and absorbs in the UV/blue region, which
can result in unwanted spectral overlap with organic ligands and
an increased likelihood of back energy transfer.”® Therefore, we
also targeted analogous neodymium(ur) complexes, which have
higher molar absorption coefficients and absorb light across a
wider range of UV, visible and NIR wavelengths,””*® albeit with
shorter (ns) luminescent lifetimes and low quantum yields.>*"°
Furthermore, the low-lying excited states of Nd(um) inhibit back
energy transfer.*> We identified ortho-fluoroazobenzene as a
suitable molecular photoswitch. Ortho-heteroatom substitution
of azobenzene derivatives is an established method for tuning
the orbital energies of each isomer, and hence the switching
wavelengths and thermal half-life of the Z isomer.®* > In the Z
isomer, the repulsive interactions between the nitrogen lone pairs
and the ortho substituents destabilise the n orbital and thus red-
shift the So—S; (n—n*) transition, enabling visible light to be
used to control the photochemical isomerisation.®*** This desta-
bilisation is reduced in the E isomer, therefore the separation
between the S,— S, transitions of the isomers, is enhanced and
improved photostationary state (PSS) distributions can be
achieved. Notably, the introduction of fluorine in the ortho posi-
tions of the azobenzene also lowers the energy of the n orbital,
stabilising the Z isomer and allowing for thermal half-lives of up
to 2 years to be achieved.5”®"%>

The photoswitchable lanthanide complexes prepared and stu-
died in this work are shown in Fig. 2. The tetra-ortho-
fluoroazobenzene is efficiently photoisomerised using orthogonal
visible light wavelengths of 405 nm (Z — E) and 530 nm (E — Z).
The Eu(m) and Nd(m) complexes are directly excited with violet
light and yellow light, respectively, resulting in the emission of red
light from europium(m) and NIR light from neodymium(i).

Results and discussion
Synthesis

The synthetic route to access each complex is shown in
Scheme 1, with full experimental details and characterisation
data available in the ESIL.{ The asymmetric azo-derivative 4a was
prepared via the Mills reaction, in which the nitroso derivative
is formed in situ from the corresponding aniline and subse-
quently reacted with 3.°® The symmetric azo-derivative 4b was
prepared via oxidative dimerisation of 3.** The corresponding
alcohol derivatives were accessed by acid-mediated hydrolysis,
which were then converted to the tosylates 6a and 6b. Reaction
with the tert-butyl ester derivative of DO3A afforded 7a and 7b,
which were subsequently deprotected to yield free carboxylic
acid groups on the macrocycles, L, and Ly, respectively. Finally,
the lanthanide coordination by the macrocyclic framework was

This journal is © the Owner Societies 2024
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Fig. 2 (a) Schematic representation of orthogonal photoswitching of an azobenzene-lanthanide emissive complex. A tetra-ortho-fluoro substituted

azobenzene, coupled with a kinetically stable DO3A lanthanide complex, enables orthogonal control over azobenzene photoswitching and the
excitation/emission of the lanthanide. (b) Chemical structures of the complexes synthesised LnL, and Ln,L,, where Ln = Eu(i) or Nd(i). (c) Diagram
highlighting the desirable decoupling of photoswitching from Ln(i) emisison within the same complex.
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Scheme 1 Synthetic scheme for the synthesis of LnL, and Ln,Ly, (i) copper cyanide, N-methyl -2-pyrrolidone, 202 °C, 90 minutes, microwave radiation. (ii)
potassium hydroxide (30%), 100 °C, 12 hours, (iii) (1) lithium aluminum hydride, tetrahydrofuran, 60 °C, 12 hours; (2) acetic anhydride, pyridine, 25 °C,

12 hours. (iv) for R = Br: oxone, dichloromethane: acetone, 25 °C, 12 hours; if R = CH,OAc: N-chlorosuccinimide, DBU, dichloromethane,

—78 °C, 10 minutes.

(v) Hydrochloric acid (37%) in methanol, 40 °C, 72 hours. (vi) p-tosyl chloride, tetrahydrofuran: water, sodium hydroxide 25 °C, 30 minutes. (vii) DO3A'Bu,
acetonitrile, sodium carbonate, 70 °C, 12 hours. (viii) Trifluoroacetic acid, dichloromethane, 25 °C, 12 hours. (ix) Ln(OTf)s, ethanol: water, 50 °C, 72 hours.

achieved by stirring with the appropriate triflate salt, to yield
complexes EuL,, Eu,L;,, NdL, and Nd,Ly,.

Photoswitching experiments

Photostationary state (PSS) distributions for each ligand following
irradiation at 405 and 530 nm for 10 minutes were determined by
HPLC analysis (see ESIT for details). Irradiation with blue light
from a LED (405 nm, ~0.9 W) selectively excites the S, — S;
transition of the Z isomers of LnL, and LnL, generating an E-
enriched PSS (up to 91% E, Fig. 3). Conversely, irradiation of LnL,
and LnL;, with green light using an LED (530 nm, ~1.1 W),
selectively excites into the S, — S; transition of the E isomer,
producing a Z-enriched PSS (up to 87% Z, Fig. 3).

This journal is © the Owner Societies 2024

In agreement with similar ortho-fluoro substituted azoben-
zenes, we observed significant red-shifting of the S, — S; (n—
n*) transition, and increased separation between the S, — S;
transition of the E and Z isomers compared with unsubstituted
azobenzene derivatives.®® This separation allows for efficient
switching using visible light in both directions (absorption spectra
of all complexes are available in ESI1).°**"*” Notably, the presence
of the bulky lanthanide-DO3A complex in the para position of the
ortho-fluoro substituted azobenzene does not significantly affect
the PSS compared to the analogous p-methylene ortho-fluoro
substituted azobenzene derivative (PSS,p5:95% E, PSSsz:84%
7)," perhaps due to flexibility around the methylene bridge.
Additionally, there is negligible change in the absorbance spectra

Phys. Chem. Chem. Phys., 2024, 26, 18683-18691 | 18685
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(a) Absorption spectra of EuL, E isomer-rich PSS (blue line), calculated pure E-isomer of EuL, (dashed blue line), EuL, Z-isomer-rich PSS (green

line), calculated pure Z-isomer of Eul, (dashed green line). Inset: Table of PSS ratios for irradiation with both 405 and 530 nm. (b) Absorption spectra for
Eu,Ly, E-isomer-rich PSS (blue line), calculated pure E-isomer of Eu,L, (dashed blue line), Eu,L, Z-isomer-rich PSS (green line), calculated pure Z isomer
of Eu,Ly, (dashed green line). Inset: Table of PSS ratios for irradiation with both 405 and 530 nm. Absorption spectra measured in DMSO, upon irradiation
for 10 minutes with either 405 nm or 530 nm light. Pure E and Z isomer spectra were calculated from the spectra of the PSS mixture of known

composition (see ESIT for details).

of the ligands L, and L, upon the chelation of either Eu(m) or
Nd(u), suggesting that the n—n* and n—n* transitions are not
influenced by the presence of Ln(m) ions in these complexes
(Fig. 543, ESIY).

Photophysical behaviour of Eu(um) complexes

Excitation directly into the *Fy, — °Lg, transition (Le = 393 nm)
of the E and Z isomers of the europium(m) complexes EuL, and
Eu,L,;, afforded red light emission from the Eu(u) metal centre
corresponding to the *Do—"F, (J = 0, 1, 2, 3, 4) transitions
(Fig. 3a, c and e). Cooling the complexes to 77 K resolved the
fine structure in spectra arising from the crystal field splitting
of the °Dy —» “F; (] =0, 1, 2, 3, 4) transitions (Fig. 544, 45, S48
and S49, ESI{). Excitation spectra were recorded for each
Eu(m) complex by monitoring the emission intensity at
616 nm (°D, — ’F,), the most intense electronic transition.
The excitation spectra for both EuL, and Eu,L; exclusively
feature absorption into the excited energy states of Eu(m)
corresponding to the 'Fy — °Dy, *Ly g0, "Le, "Dy, °D; transi-
tions. Notably, we observed negligible contribution to Eu(m)
emission (e, = 616 nm) via excitation into the azobenzene core
(Fig. 4a, b and d). The lack of energy transfer (antenna effect) is
attributed to dominating non-radiative decay pathways avail-
able via the azobenzene core (Fig. 5).°

To investigate these effects further, we recorded the emis-
sion spectra of the metal-free ligands L, and Ly, (Aex(z) = 325 nm
(So = S2), Jex(z) = 280 nm (S, — S,)). The azobenzene-centred
emission displayed a characteristic Stokes shift, where the
position of the maximum emission wavelength is dependent

18686 | Phys. Chem. Chem. Phys., 2024, 26, 18683-18691

on the distribution of E/Z isomers present in solution (Fig. S63-
S66, ESIT).”® Additionally, the intensity of L, and Ly, emission
was extremely weak, to the extent that direct excitation into the
peak of the S, — S; transition revealed no detectable
emission.®® This is in concordance with the previously
determined extremely low fluorescence quantum yields for
both E-azobenzene (7.54 x 10”7 to 1.1 x 107>, S; state) and
Z-Azobenzene (~1 x 10°°% S; state).”"’> Additionally we
observed a change in the absorbance spectra, after excitation
into S, — S, and S, — S, transitions for both isomers of L, and
Ly, corresponding to a change in E/Z isomer composition of
the sample (Fig. S63-S66, ESIT).”>”*7"> This is a direct result of
the photoisomerisation of the azobenzene. The tendency of L,
and L, to photoisomerise rather than fluoresce suggests that
the majority of the energy absorbed is dissipated via the non-
radiative pathways (Fig. 4).

To investigate the impact of isomerisation upon the photo-
physical properties of Eu(m) complexes, the excitation and
emission spectra of each isomer were compared. Both the
excitation and emission spectra of EuL, (Fig. 4b and c) and
Eu,L;, (Fig. 4d and e) at 298 K were not perturbed by photo-
isomerisation of the azobenzene, suggesting that the change in
geometry upon isomerisation has minimal impact on the crystal
field of Eu(m) in each pair of complexes. Additionally, the Eu(i)
lifetimes of both isomers of EuL, and Eu,L;, were measured by
fitting the decay of the emission upon excitation at 616 nm
(Table 1). Data recorded at 298 K were fitted to a mono-
exponential decay, and the negligible difference between the
lifetimes of each isomer indicates that the photoisomerisation

This journal is © the Owner Societies 2024
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Fig. 4 (a) Stacked normalised spectra of Eu,Ly, (E) (above), and Eu,ly, (2) (below), with absorbance in blue (E) and green (2), excitation spectra in purple
and emission spectra in orange at 298 K. (b) Comparison of excitation spectra of EuL, (E) (blue) and EulL, (2) (green) at 298 K. (c) Comparison of emission
spectra of EuL, (E) (blue) and EulL, (2) (green) at 298 K (d) Comparison of excitation spectra of Eu,lLy, (E) (blue) and Eu,ly, (2) (green) at 298 K. (e)
Comparison of emission spectra of Eu,lLy, (E) (blue) and Eu,ly, (2) (green) at 298 K. Excitation spectra were recorded with Aey = 616 nm, excitation slits
1 nm, emission slit 5 nm, integration time 0.2 s. Emission spectra were recorded with J¢x = 393 nm, emission slits 1 nm, excitation slit 5 nm, integration
time 0.2 s. All spectra recorded in DMSO.
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the DO3A ligands, which are otherwise in fast exchange at 298 K,
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average of both isomers.”®”® The most intense band in the Eu(m)

absorption spectrum, the *F, — °Lg band (Jex = 393 nm), lies

almost directly between the S, — S, and S, — S; transitions of

the E/Z isomers of the ligand (Fig. 4a). Upon excitation into the

*Fo — °Lg band (/e =393 nm) we observe small perturbations in

. f5L6 the PSS distribution (PSSg = 4% reduction in E isomer, PPS, = 2%
reduction in Z isomer) (Fig. S54, ESIT). This is a result of slight
overlap between the absorbance of the azobenzene with the
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azobenzene and lanthanide components of the system. The azobenzene ~ the azobenzene ligand plays no role in exciting the lanthanide.
E and Z isomers can rapidly interconvert between each other upon Suggesting that, with optimisation, the distinct energy levels of
excitation into both the S, and S, states, but cannot transfer energy into
the excited states of Nd(in) and Eu(n) in NdL,, EulL,, Nd,L, and Eu,L, (as
measured by Carnall et al.>>%°). Table 1 Luminescence lifetimes (1) of EuL, and Eu,Ly, isomers at 298 K
and 77 K (Aex = 395 NnM, Aem = 616 Nm, 5 nm excitation and emission slits,
delay time = 10 ms)

Photophysical behaviour of the Nd (m) complexes

process does not impact the lifetime of the Eu(m) emission.

. . ; 7 (298 K) (ms) 741 (77 K) (ms) 7, (77 K) (ms)
However, at 77 K a bi-exponential decay was required to ade-

quately fit the emission decay profile (Fig. $47 and S51, ESI{), Fula g 1;2 gé; O_'77
suggesting that at low temperature there are two species present. gy, E 1.51 0.34 1.18
This is consistent with slow exchange between the twisted square z 1.48 0.31 0.95
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lanthanide(m) ions may be exploited to develop a system in
which the direct excitation of the Ln(m) is completely decoupled
from the absorbance of the ligand, and does not perturb the
PSS of the switch. Therefore, we subsequently examined the
spectroscopy and orthogonal switching capabilities of the
corresponding Nd(m) complexes. As a result of the lower lying
excited states of Nd(m) compared with Eu(m), direct excitation
into the Nd(m) metal centre can be achieved by exciting into
bands ranging from 500 nm to as far as 900 nm (*ly;, — *Fa,
’Ho5, Fig. 6, yellow spectrum). Importantly, this considerably
shifts Ae, of Nd(m) away from the region in which the E/Z
isomers of the azobenzene absorb. The corresponding Nd(ir)
emissions occur at ~880 nm (‘Fs3, — ‘loj), ~1060 nm
(*Farp = "iap), ~1340 nm (*F3, — “Li3) and ~1850 nm
(*Fa;o — "55), significantly into the near-IR region.””"*%”°
Upon excitation into the *Io;, — *Gs/y 2Gyjs (Jex = 580 nm)
bands of the E/Z isomers of NdL, and Nd,L; in solution at
298 K, emission was observed in the near-IR region corres-
ponding to the *F;, — Lo, (~880 nm) and *Fs, — “Ijq),
(~1060 nm) bands (Fig. 6a, c and e). Fine structure in the
emission spectra could be resolved when recorded at 77 K
(Fig. S55, S56, S58 and S59, ESIt). Similar to EuL, and Eu,Ly,
the emission spectra of the E and Z isomers of both the mono
and bi-metallic complexes NdL, (Fig. 6¢) and Nd,L;, (Fig. 6e)
were essentially identical (1ex = 580 nm), again confirming that
photoswitching does not significantly perturb the crystal field
of the Nd(m) complexes. Unlike in EuL, and Eu,Ly, for NdL,
and Nd,L;, the most intense excitation band lies outside the
region in which the azobenzene absorbs, and pleasingly, upon

Wavenumber [10% x cm™]
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direct excitation into the *Io, — *Gsjz, 2Gyjz (ex = 580 nm)
band, we observed no change in the ratio of E/Z isomers in the
PSS upon excitation (Fig. S60, ESIT).

As with EuL, and Eu,Ly,, the azobenzene moiety does not act
as an antenna in the Nd(u) complexes, revealed by the lack of
contribution from the azobenzene ligands in the excitation
spectra of both the E and Z isomers of NdL, (Fig. 6b) and
Nd,L;, (Fig. 6d). Notably, previous reports have determined that
the triplet (T;) state of a tetra-ortho-flouro azobenzene resides
around ~12000 cm™".%°® This would suggest that there is
sufficient spectral overlap of the azobenzene T, state with the
excited states of Nd(m) (Fig. 7). However, the excitation spectra
of the Nd(m)-azobenzene complexes reveal that no emission is
observed upon excitation into the azobenzene core. We there-
fore propose that the lack of sensitisation in these systems is a
result of inefficient energy transfer. Previous studies have
reported that the rate of intersystem crossing between the S;
and T, states is as fast as 10" s™! for azobenzenes.®®* We
suggest that this intersystem crossing (ISC) is much faster than
the rate of energy transfer from the T, state of the azobenzene
ligand to the Nd(m) excited state, such that despite sufficient
spectral overlap between T; and Nd(m), the excited Nd(u) states
are not populated to a significant degree via the T, state of the
ligand.®®

We also observed no photoisomerisation of the azobenzene
within the complex upon direct excitation into the Nd(ur) metal
centre (Fig. S60, ESIt), further supporting the notion that
energy transfer between the metal centre and ligand is disfa-
voured. Overall, these experiments demonstrate that in the two
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Fig. 6 (a) Stacked normalised spectra of Nd,Ly, (E) (above), and Nd,L, (2) (below), with absorbance in blue (E) and green (2), excitation spectra in yellow

and emission spectra in red at 298 K. (b) Comparison of excitation spectra of NdL, (E) (blue) and NdL, (2) (green) at 298 K. (c) Comparison of emission
spectra of NdL, (E) (blue) and NdL, (2) (green) at 298 K. (d) Comparison of excitation spectra of Nd,L (E) (blue) and Nd,Ly, (2) (green) at 298 K. (e)
Comparison of emission spectra (lex = 580 nm, emission slit at 25 um) Nd,Ly, (E) (blue) and Nd,Ly, (2) (green) at 298 K. Excitation spectra were recorded
with Aem = 880 nm, exposure time 100 ms, 1 exposure per frame. Emission spectra were recorded with Ae, = 580 nm, emission slit at 25 um
corresponding to 1 nm spectral resolution. All spectra were recorded in DMSO.
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Fig. 7 Schematic diagram describing the dominating processes under-
pinning the photophysics of NdL, and Nd,L, dashed lines represent
intersystem crossing (ISC), with bolded dashed lines representing the fast
and dominant ISC between S; and T;. Solid lines represent absorbance into
the azobenzene S; states.

Nd(m) complexes the photoswitching process is completely
independent and orthogonal to the photophysics of the Nd(mur)
metal centre, making these promising candidates for optical
information storage.

Conclusions

We report the first examples of kinetically stable photoswitch-
able emissive lanthanide complexes in which the system can be
controlled and interrogated by orthogonal wavelengths of visi-
ble and near-IR light. The mono and bi-metallic Eu(m) and
Nd(m) photoswitchable complexes EuL,, Eu,Lj,, NdL, and
Nd,L;, display high photostationary state distributions when
irradiated with orthogonal wavelengths of visible light (blue
and green). Importantly, this photoswitching is entirely
decoupled from the lanthanide excitation and emission, ie.
photoswitching does not sensitise lanthanide emission, while
excitation of the lanthanide does not perturb the photostation-
ary state distribution of the switch. This therefore represents an
unprecedented fully orthogonal system, in which both visible
light mediated switching and lanthanide excitation and emis-
sion are entirely independent, such that the system can be
controlled and interrogated by four orthogonal wavelengths of
light. This feature is requisite for applications in read/write
optical information storage, and we anticipate that these
results will pave the way for applications of such photoswitch-
able emissive complexes in this area, as well as more generally
opening up new approaches to interrogating molecular photo-
switchable devices by emission spectroscopy.
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