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Abstract

A novel arylalkynylpyridine-sensitised nine-coordinate quasi-C3 symmetric all carboxylate
donor europium(lll) complex EuL' possessing circularly polarised luminescence (CPL) with
exceptionally high CPL brightness (CPB) in both AJ = 1 and AJ = 2 transitions was prepared
and tested in solid-state polymethylmethacrylate (PMMA) spin-coated thin films. The structural
design was based on the previously reported parent EuL® which contained phenylphosphinate
donor groups instead of their carboxylate equivalents in EuL'. This structural modification
resulted in 58% brightness increase (34650 mol' dm?® cm™) and eliminated the dependence
of the emission properties on the applied solvent. The use of arylalkynylpyridine facilitated
sensitisation via a low-energy internal charge transfer state, resulting in optimal excitation with
commercially available 365 nm LEDs. The Laporte forbidden °Do —’F, transitions gave rise to
~1 millisecond emission lifetime, allowing time-gated methods when used in combination with
short-lived (nanoseconds) organic fluorophores. EuL' produced the highest ever reported
branching factor-corrected CPB (CPB;) values of 984 mol' dm3 cm™ and 590 mol”' dm?® cm-*
for the AJ = 2 (at 607 nm) using the branching factor for the whole and single-sign only regions
respectively. The CPB;of 307 mol' dm® cm™ for the AJ = 1 (at 596 nm) was the third best
across all europium(lll) complexes and the highest reported for isostructural materials.

The authentication of the CPL security layer of EuL' in PMMA thin films was performed using
CPL photography (CPLP) and enantioselective differential chiral contrast (EDCC) imaging for
both AJ = 1 and AJ = 2 transitions simultaneously using band pass optical filters. The effect
of film substrate light reflections on the recorded chiral contrast was studied and quantified
using the newly introduced CPLP dissymmetry factor (gcrLr), which was found to be equivalent
to the average dissymmetry factor obtained using a standard CPL spectrometer. The
developed reproducible method of thin film preparation via spin-coating resulted in identical
gcrLe Values for the consecutively spin-coated films, suggesting high reproducibility of the CPL
security feature in combination with reliability of the authentication method.

A set of novel EuL'-based materials compatible with the complex-stage functionalisation via
‘click-chemistry’ cycloaddition and nucleophilic substitution reactions was developed for the
applications where a covalently linkable material with strong CPL-activity is desired. A proof-
of-concept study demonstrated EuL3® functionalisation with propargyl glucose units which
improved the live-cell uptake for a better bioimaging performance. All novel materials were
photophysically characterised and explored in terms of their CPL properties which revealed
that structural modifications away from the europium(lll) coordination site did not affect the
CPL intensity, gum or spectral shape, even when the total complex symmetry was lowered in

EuL*with unsymmetric macrocyclic ligand containing structurally different chromophores.
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CHAPTER I. Introduction to luminescence of trivalent lanthanides

and their applications

1.1. Introduction to photoluminescence and vibronic transitions

Luminescence is a process of energy release [ 81\ P

from electronically excited species in a form of K \//\ \M V1_: S
electromagnetic radiation that corresponds to So \ﬁ\//\ M V_1_4
ultraviolet (UV), visible or near infrared (NIR) ji;(\ N Vi;
light. Unlike other types of luminescence such as \‘\/ Vi =
chemiluminescence, which is facilitated by a Vi =1
chemical reaction, photoluminescence (PL) ? \ 1/ vi=0

occurs after absorption of a photon of light by a u=.|

species in its ground electronic state. Photon j‘/\ \\Q Vo=3
absorption promotes the system into an excited J/ Vo =2
electronic state that is higher in energy \ s Vo= 1
compared to the ground state, which known as %# Vo =0
photoexcitation (PE). ‘

Bond distance coordinate
. L . i Figure 1.1: Bond distance coordinate-misaligned
vibronic in nature. This means they result in @ potential energy wells demonstrating vibrational

. . levels and their wavefunctions of two electronic
change of the system in terms of both electronic  giates. where transitions (PE — purple, PL — red),

separated by vibrational relaxation (dashed) occur
between states with the in-phase wavefunctions.

In most cases, transitions caused by PE are

and vibrational states. Vibronic transitions are
more common for organic fluorophores and
transition metal complexes and less common for lanthanide complexes due to the nature of
the orbitals involved. Structures of organic fluorophores can usually be characterised by high
degrees of conjugation facilitated by extended networks of p-orbitals that host delocalised
electron clouds. Variation in relative phases of these p-orbitals gives rice to molecular orbitals
(MOs) of different energies that are involved in PE and PL processes. Similarly, transition
metal complexes contain MOs that are combinations of atomic and MOs of the metal and the
ligands respectively. Overall, PE of such systems promotes electrons from lower energy
bonding MOs to higher energy non-bonding or anti-bonding MOs which weakens the bonds
between atoms in organic fluorophores and metal to ligand bonds in transition metal
complexes. This leads to an increase in the average bond distance in the electronic excited
state, compared to the ground state (Figure 1.1). PE usually promotes the system from the
lowest vibrational state of the ground electronic state, which is the most populated at room
temperature (rt), into a higher vibrational state of the excited electronic state. According to

Franck-Condon principle, during the PE, atomic nuclei can be considered static, since the time
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scale of electronic transitions (~107"° s) is much shorter compared to atomic vibrations (~10""®
s). Therefore, the probability of the transitions between specific vibrational states of two
different electronic states depends on the relative phase of their vibrational wavefunctions at
a fixed bond distance coordinate which can be expressed using the Franck-Condon factors.
The same principle applies to PL that, according to Kasha’s rule, normally involves a transition
between the lowest vibrational level of electronic excited state and some higher vibrational
levels of electronic ground state.” This justifies why absorption and emission spectra of
fluorophores and transition metal complexes that undergo vibronic transitions are often mirror
images. Due to significant bond vibrations even at rt, the relative energies of the MOs varies,
which is attributed to changes in spatial orbital overlap. This results in Gaussian or Lorentzian
shaped curves on absorption and emission spectra that often overlap, reducing the
informativeness of spectra due to indistinguishability of lower intensity peaks. This is often
tackled by spectroscopy performed at very low temperatures (~70 K) to minimise bond
vibrations to obtain narrower bands that provide a better insight into electronic structure. On
the contrary, emission of trivalent lanthanides appears as inherently narrow bands on emission
spectra even at ambient temperature due to a different nature of the orbitals involved (Section
1.5.).

.2. Radiative and non-radiative relaxation

PE of a system is normally followed by its W - t photon absorption
relaxation back to the ground electronic state. S, v ,
" ", vibrational relaxation
This is facilitated by multiple processes that S -
. . . . 1 —_ \l/ internal conversion
are divided into two categories — radiative T
1 : :
relaxation (RR) and non-radiative relaxation -3 intersystem crossing
(NRR) that can be visualised using a l' fluorescence
Jablonski diagram (Figure 1.2).2 In the T T
— — 1 phosphorescence
diagram, So, S1 and Sz are the ground, first So

. . . Figure 1.2: Jablonski diagram.
and second singlet excited states, while T;

is triplet excited state. Photon absorption leads to PE of the system from Spto Si or S
depending on the A of the excitation light. Due to the vibrionic nature of such transitions, PE
leads to population of higher vibrational levels of electronic excited states. This facilitates
vibrational relaxation of the system back to its ground vibrational state of an electronic excited
state via non-radiative energy transfer (ET) to other kinetic modes of the same system or other
systems, for example, solvent molecules. Another form of NRR is internal conversion (IC)
which can facilitate transition between the S, and Si. Once a higher vibrational state of Sy is
populated, vibrational relaxation will further relax the system to the ground vibrational state of

Si. At this point the system can relax further via either fluorescence (RR) or intersystem

11



crossing (ISC), which is a NRR process. It is facilitated by an inversion of electron spin to give
T1, which is lower in energy than Sidue to a higher spin multiplicity. Population of T, affords
further relaxation in a form of phosphorescence, a long-lived spin-forbidden type of RR. In
contrast, fluorescence is spin-allowed and therefore shorter lived. Both types of luminescence
usually occur from the lowest vibrational levels of Sy or Ty to higher vibrational levels of S,

according to Franck-Condon principle.

Overall, the relative amount of energy released via RR and NRR determines relative position
of absorption and emission spectra. Emission spectrum is usually found at a longer A
compared to absorption spectrum, which is known as Stokes shift. Stokes shift is observed in

most systems since there is always a fraction of the energy that is released via NRR.

I.3. General descriptors of luminescent properties

There is a set of variables that are used to describe photophysical characteristics. The
fundamental equation (Equation 1) relates the energy of a photon and the A through the
Planck’s constant (h = 6.62607015%107% J s) and the speed of light (c = 299 792 458 m s™).

_hc

E
A

[1]

Another important quantity, molar absorption coefficient (¢), describes how well the system
absorbs light of a particular A. It has the units of mol*dm?® cm™ (M'cm™) and is an inherent
property of a material. € can be experimentally determined using Beer-Lambert law that implies
proportional relationship (Equation 2) between absorbance (A) and concentration (C) of
luminescent species in solution, where L is the optical path length of light through the sample,
usually equal to 1.0000 cm for a standard cuvette. The law holds well at low concentrations
and tends to break down at higher concentrations. A can be also expressed as common
logarithm of the ratio between the intensities of the incident (/o) and transmitted (/) light through
the sample, which also correlates with the principle of absorption spectrum acquisition.

A = eCL =logqg (170) [2]
Another significant quantity, photoluminescent quantum yield (®), describes how much of the
energy of the absorbed light is released by the means of PL. It can be simply expressed as
the ratio between the number of photons absorbed and emitted. @ can also be expressed
using the rates of RR (krr) and NRR (knrr) as follows (Equation 3).

= L [3]
krr + knrr

12



It is challenging to determine @ using relaxation rates. While krr can be determined using
emission lifetime (r), knrr Would require quantification of all occurring NRR processes.
Therefore, there are two sensible ways of experimental determination of ®. The first method
is often referred as absolute, since the relative amount of absorbed and emitted photons can
be precisely determined using an integrating sphere. The other method is known as relative,
where @ can be calculated (Equation 4) with respect to a reference compound with a known
quantum yield (®r), where OD is optical densities and n is refractive index.

I 0Dy n? I Ag
- = X — —
IoDn2 K71 A

® = by X [4]

If the sample and the reference are both measured in the same solvent, then the ratio of n is
cancelled out from the equation. The ratio of OD can be replaced with the ratio of the measured

A, allowing for experimental determination of @®.

Another useful parameter describes the r of PL which is crucial for time-gated methods
exploited in this project. When a luminescent material absorbs light, it undergoes PE that
produces a certain initial number of electronically excited species (No). This is immediately
followed by relaxation of the system that reduces Ny by the means of RR and NRR. Therefore,
the time-dependent decay of the excited state population (dN(f)/df) can be expressed using
krr and knrr Where N is the number of electronically excited species at a certain time (f)
following PE (Equation 5).

dN(t)
dt

= (kgg + kyrr)N () [5]

Since PL results in the same emission probability for each excited species, N follows an
exponential decay, where 7 is emission lifetime (Equation 6). Since population of the excited
state is proportional to the recorded emission intensity, the equation can be re-written and

used for experimental determination of z.

N(t) = Nyexp (_?t) I(t) = Iyexp (%t) [6]
Finally, PL brightness (B) is used to estimate overall PL performance. It is simply a product of
€ and @ (Equation 7) which implies that materials that possess high value of B must effectively

absorb light and then release this energy mostly through PL.

B =¢d [7]

13



1.4. Electronic states of trivalent lanthanides

In order to describe the transitions between Europium(lll) iﬂtf:fﬁg CRYSTAL FIELD
the electronic states that are associated aF6g D,

with PE and PL, it is convenient to use A 5L D,
Russell-Saunders atomic term symbols. ’P 5D2é

Free-ion term symbol is written in a form of

S+ ,, where S is the total electron spin °Dy

angular momentum, L is the total orbital

3]
A

angular momentum, which can take integer

£
H

614 nm
653 nm
653 nm

values 0, 1, 2, 3, 4... corresponding to S, P, ~20000 2
4 J=
D, F, G... in the place of L respectively, em g
28+1 is spin multiplicity, and J is total ~ #° . :
. \ 4 :
angular momentum that is a product of f
! 0
spin-orbit coupling (J = S + L). Due to a ELECTRONIC STARK
P P g( ) CONFIGURATION TERMS  J-LEVELS STATES

relatively weak effect of crystal field (CF) on Figure 1.3: Splititng of the elctronic energy levels in Eu3*

lanthanides, their electronic states are and approximate °Do — “Fy transition energies
. . . (reproduced from Buinzli (1987) and Kumar (2010)).34

better described using free ion term

symbols. In contrast, in the case of transition metal complexes the free ion term symbols are

further split into A, E and T terms depending on the point group symmetry of the metal site.

In this work, the electronic states of trivalent europium, europium(lll), and associated
transitions were investigated. Europium(lll) has electronic configuration [Xe] 4f, the
degeneracy of which is perturbed (Figure 1.3) by such effects as electron repulsion
(electrostatic interaction between the electrons in the 4f shell), spin-orbit coupling (interaction
between the electron spin and its angular momentum) and CF (interaction between the

electrons in 4f orbitals and orbitals of the ligands).

The electronic ground state of europium(lll) is characterised by 6 spin-parallel electrons
occupying 4f orbitals. This produces maximal values of L = 3, S = 3 and 2S+1 = 7 which
corresponds to ’F term symbol. In heavy elements such as lanthanides, the effect of spin-orbit
coupling is more significant than that of the CF. Vectoral addition of L and S results in ’F
splitting into 7 possible J states ("Fo, "F1, "F2, "F3, "F4, "Fs and "Fs). According to the Hund’s
Rule, ’Fy is the lowest in energy since it has the lowest value of J (4f 8 is less than half full),
which makes it the ground electronic state. A relatively weak effect of CF further splits each J
state into 2J+1 Stark states that are just ~102 cm™ apart compared to larger ~10% cm

separating sequential J states.?

14



The term symbol of the first electronic excited state, °D, is derived in the same way with 5
possible J states (°Do, °D4, °D-, °D5 and °D.). The energy difference between °D and ’F is on
the order of ~10* cm™ which makes it thermally inaccessible (ksT ~ 200 cm™ at rt). The energy
gap between °D and the J states of ’F is on the same order of magnitude with the red region
of visible light (620 — 750 nm or 16000 — 13000 cm™"), resulting in a characteristic red glow of

europium(lIl) containing materials when photoexcited.

I.5. Introduction to selection rules affecting europium(lll) f-f transitions

Light is an electromagnetic wave that comprises both magnetic and electric oscillating
magnetic fields. Therefore, effective interaction of a chromophore with light results in electric
dipole (ED) and magnetic dipole (MD) transition dipole moments. ED transition can be
considered a linear movement of charge which is an odd transformation with respect to an
inversion centre (if species contain an inversion centre, each structural unit when translated
along the line passing through an inversion centre will coincide exactly with the same structural
unit at an equidistant position from the inversion centre). MD transition can be interpreted as
rotational displacement of charge, and the sense of such rotation is not inverted with respect
to an inversion centre. Therefore, ED and MD transitions are odd and even parity respectively.
All ED ff transitions in free-ion form of lanthanides are formally forbidden by the orbital
selection rule, known as Laporte rule which applies to centrosymmetric systems with an
inversion centre. It allows only those transitions that occur between orbitals of different parity,
which describes if an orbital is symmetric or anti-symmetric with respect to inversion. In other
words, transitions between the orbitals of the same symmetry are Laporte-forbidden, for
example s&s, p>p, d>d and fftransitions, since they have the same L. Laporte-forbidden
transitions are associated with low molar extinction coefficients (<1 dm? mol' cm™) that result
in very low absorption of light. Laporte rule in centrosymmetric lanthanide complexes is
‘relaxed’ due to mixing between orbitals of different parity. This can either occur through
permanent mixing between the orbitals of a lanthanide metal centre and the ligands, known
as CF, or through asymmetric molecular vibrations that instantaneously reduce the symmetry,
known as vibronic coupling. Therefore, ED f<f transitions in centrosymmetric lanthanide
complexes are partially Laporte-allowed and therefore are called induced electric dipole (IED)

transitions.

MD transitions are Laporte-allowed transitions that are essentially independent on the
environment. They are inherently weaker than ED transitions, since their magnitude depends
on the curvature of the charge displacement path which is marginal in a relatively small volume
of a lanthanide(lll) ion. Normally, this makes MD transitions hardly observable experimentally,

which, however, is not the case for lanthanides where all -f transitions are Laporte-forbidden
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and lower intensity IED transitions are observed instead. As a result, the MD transitions, for
instance, °Do — ’F4 in europium(lll), can be experimentally observed alongside the IED

transitions, since their intensity is on a similar order of magnitude.3®

In addition to Laporte selection rule, spin selection rule allows transitions between electronic
states that have the same value of S. As discussed earlier, ISC relaxes the system from S; to
T: which can be further relaxed to the Sy via phosphorescence. Both ISC and
phosphorescence are spin-forbidden since they require and inversion of electron spin. This
explains why spin-forbidden phosphorescence has a slower rate and therefore longer 7 (103

to 10" seconds (s)) compared to spin-allowed fluorescence (10° s).

As a result, the intensity of absorption and emission depends on the probability of the
electronic transitions involved, which can be estimated using Laporte and spin selection rules.
The selection rules can be then expressed using the changes in L, S and J quantum numbers
that describe the states involved (Table 1.1). In the case of moderately heavy lanthanides, L
and S do not provide a good representation due to a significant spin-orbit coupling. As a result,
spin and Laporte selection rules are partially relaxed, while total angular momentum selection
rules provide the most accurate approximation of the probability of -f transitions.

Table 1.1: Selection rules for intraconfigurational 7 transitions (adapted from Binnemans (2015)).3

IED transitions MD transitions
AS=0 AS=0
|AL| <6 AL=0

IAJ| <6 and |AJ| =2, 4,6if J=0 orif

1.6. The effect of crystal field on emission spectral shape of lanthanides

The effect of the CF is significantly stronger in transition metal complexes compared to
lanthanide complexes. 3d orbitals of transition metals strongly interact with the orbitals of the
ligands, while 4f orbitals of trivalent lanthanides are much more ‘core’ like due to substantial
shielding from the CF by electrons in 5s and 5p orbitals.® This gives rise to a characteristic
emission spectral profile of lanthanides containing relatively sharp bands at fixed A positions
(Figure 1.4.A) arising from fef transitions of intra-atomic nature, as opposed to transitions
between MOs in metal complexes that produce wide emission bands due to strong sensitivity

towards metal-ligand bond vibrations.
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Figure 1.4. A: Low-resolution emission spectra of some lanthanide (lll) tris(3-diketonates) (adapted from Bunzli
(2010)).” B: Emission spectra of europium(lll) doped NalnO2 and NaGdO:2 (adapted from Cotton (2006)).”

CF effect in lanthanide metal complexes is relatively weak but not negligible. As a result,
transitions to each individual ’F, state appears as multiple bands corresponding to the CF
splitting of that state. As a result, the emission spectral shape and relative intensity of
individual bands are strongly dependent on the symmetry of the europium(lll) site provided by
the ligand coordination. For example, the appearance of AJ = 0 (°Do — "Fo) as multiple
transitions would indicate a presence of multiple europium(lll) sites since both °Doand ’Fo are
always singly degenerate. Additionally, AJ = 0 transition is only observed for relatively low-
symmetry environments of europium(lll). On the contrary, MD AJ = 1 (°Do — ’F) transition is
insensitive to the environment and always produces observable intensity, while relatively weak
band splitting due to CF can be observed at sufficient spectral resolution. IED AJ = 2
(°Do — "F;) transition is known as ‘hypersensitive’ towards the environment. The intensity of
this transition varies from very strong to very weak for the europium(lll) environments with low
and high symmetries respectively. For complexes with an inversion centre, AJ = 2 transition
appears very weak (Table 1.2). For example, emission spectra of europium(lil) doped NalnO-
and NaGdO:; solid-state oxides demonstrate significantly different features that depend on the
symmetry of europium(lll) site. While AJ = 2 emission band has marginal intensity of the
emission spectrum of the centrosymmetric NalnO2:Eu, it appears very intense for NaGdO,
that lacks an inversion centre (Figure 1.4.B). Although lanthanides are weakly affected by CF,
band splitting can still be observed at sufficient spectral resolution, provided by the
characteristic narrow bands that are not significantly broadened by the metal-ligand bond
vibrations. As a result, a unique spectral shape for lanthanides in different coordination
environments can serve as a ‘fingerprint’, suggesting its possible application in luminescent

security tagging.
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Table 1.2: Characterisation of common europium(lll) transitions (Adapted from Binnemans (2015)).3

Transition cr?a: faocI:?er 4 ;ﬁrr:]ge iﬁteel 22:;; Comments

SDo— "Fo ED 570-585 VW Only observed in C,, Cny and Cssym.
SDo— "F4 MD 585-600 s Essentially environment-independent
SDo— "F; ED 610-630 | vwtovs Hypersensitive to the environment
SDo— "F3 ED 640-660 | vwtow Forbidden transition

SDo—> "Fy4 ED 680-710 mtos Moderate environment dependence
SDo— "Fs ED 740-770 vw Forbidden transition

SDo— "Fe ED 810-840 | vwtom Rarely measured

* vw = very weak, w = weak, m = medium, s = strong, vs = very strong.

.7. Sensitization of trivalent lanthanides

Due to the previously discussed low ¢ of
IED ff transitions,

excitation of

Laporte-forbidden
direct lanthanides s

inefficient and instead requires a
specifically designed system containing
a light absorbing chromophore, for
example, a macrocyclic organic ligand,
that

excitation light energy and then transfer

would effectively absorb the

it to a luminescent lanthanide centre.
This multi-step processed is known as
sensitised emission and requires a
consideration of competing relaxation
further

that

processes, referred to as

quenching, reduce the overall
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S1 > -

ICT—

S, L2 F

«'» photon

~ :
absorption \l/ Ic -~ quenching
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| vibrational back
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quantum efficiency of the system. Figure 1.5: Jablonski diagram for europium(lll) sensitisation.

Sensitisation can be expressed using an extended Jablonski diagram (Figure 1.5) which

contains electronic states of both the sensitising chromophore and lanthanide, for instance,

europium(lll). Sensitisation commences with photon absorption (10" s') that populates higher

vibrational levels of Sy or S; electronic states of the sensitiser via a Laporte- and spin-allowed

T—T* or n—T* transitions. This is followed by vibrational relaxation (10" s™') to the ground

vibrational state as well as IC from Ss to S, in cases where S; was initially populated. After

that, a relatively fast ISC is required to populate a long-lived T4 in competition with sensitiser
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fluorescence (~10° s").2 Such fast rates of ISC are observed when T; and S; states of the
sensitising moiety are relatively close in energy.® The desired sensitisation pathway is then
facilitated by electronic ET from the T; of the ligand to the lanthanide centre resulting in
electronic excitation of the latter. Such ET can be modelled using the two established

mechanisms - electron exchange (Dexter) and dipole-dipole (Foérster).

Dexter mechanism involves a transfer of a high energy electron from the ligand in T, state to
one of the excited states of the lanthanide, for example, °D, of europium(lll). Simultaneously,
a 4f electron of the electronic ground state of the lanthanide, for example, ’Fo of europium(lil),
is transferred to the Sy of the ligand to recombine with the electron hole produced during the
So — T excitation. This creates another electron hole in ’Fp that is recombined with an electron
from °Do during the PL of europium(lil). Dexter mechanism is a short-range ET that strongly
depends on the radial overlap between the wavefunctions of MOs of the ligand and the 4f
orbitals. As a result, the ET rate decreases exponentially with the distance between the ligand
energy donor and lanthanide acceptor (roa). For the Ty — SDo ET in europium(lll) complexes,

the calculated rate was ~108 - 107 71,10

Forster ET occurs via coupling between transition dipole moments of the ligand and the
lanthanide. This depopulates T4 of the ligand, returning the electron back to So. Forster ET is
more long-range compared to Dexter. The rate of this dipole-dipole ET has roa® dependence,
which justifies why Forster ET is considered ‘long-range’ and remains effective at larger roa
(~5 to 6 A) compared to Dexter (~3 A).10"

Apart from the distance between the ligand and the lanthanide, the rate of ET depends on the
relative energies of the states involved, so that the smallest energy difference between the T;
and °Do would result in the highest rate of ET. On the contrary, when such energy difference
is too small, non-radiative thermally activated back energy transfer (BET) repopulates the
long-lived T; of a ligand at the expense of °Dy, resulting in a competing with PL process. Since
Dy is generally longer lived (10 to 102 s) than T4 (< 10 s), the former needs to be more than
10 kgT (2050 cm™) higher in energy (°D1and °Dy of europium(lll) lie at 19050 and 17220 cm’
respectively; °Ds of terbium(lll) lies at 22 450 cm™) to minimise the thermally activated BET
and therefore increase the sensitisation efficiency.® Otherwise, repopulation of the long-lived
T1 increases the probability of other NRR processes such as quenching by oxygen. As a
consequence, BET allowed for practical applications of terbium(lll) and europium(lll)
complexes as oxygen concentration and temperature sensors, where the luminescence r and
intensity decreased at increasing oxygen concentration and temperature.’'” This was
achieved by using specifically designed sensitisers containing, for example, carbostyril and
phenanthridine sensitisers (Figure 1.6) that possess T; states with the energies similar to the

energy of °D, excited state of terbium(lll) to allow for the effective BET.
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Figure 1.6: Structure, triplet state energy and optimal excitation A (Aexc) of carbosyril and phenanthridine sensitiser
(adapted from Parker et al. (2021)).8

One of the advantageous consequences of sensitisation of lanthanide complexes is a large
pseudo-Stokes shift (Figure 1.7).'® Stokes shift in organic fluorophores results from PE and
PL that are centred on a single chromophore. In contrast to that, sensitisation in lanthanide
complexes often involves additional NRR, for instance, ET from the chromophore T; state to
an excited state of a lanthanide, which are at least 10 ksT apart for BET minimisation, that
increases the magnitude of pseudo-Stokes. Although large pseudo-Stokes shift implies
significant excitation energy loss via NRR, it brings a number of advantages that are crucial
for some applications. For example, emission acquisition is simplified since the A range of the

emitted light is far from the optimal
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. L . Figure 1.7: Pseudo-Stokes shift in alkylarylpyrydine-sensitised
PL, suggesting applications in europium(lil) complex (adapted from Butler et al. (2014))."8

security inks.'8-22

Depending on the structure of the chromophore, the sensitisation can occur via an internal
charge transfer (ICT) state rather than T;. ICT state occurs when the structure of the
chromophore contains conjugated spatially separated electron rich and electron depleted
parts. In contrast to Ti, direct population of ICT state is spin-allowed, and therefore can be
achieved via PE directly. One of the main advantages of sensitisation via a lower energy ICT
state is the ability to excite the complex using a longer A UV source, for instance, a

commercially available 365 nm light emitting diode (LED).

20



One of the examples of the chromophore possessing an ICT state is arylalkynylpyridine. The
ICT state in arylalkynylpyridines is facilitated by spatial separation of electron-rich aryl group
and electron-depleted pyridyl group that are conjugated via an alkyne (Figure 1.8.A and B).
According to density functional theory (DFT) calculations, the highest occupied MO (HOMO)
is localised on the electron-rich aryl part of the chromophore, while the lowest unoccupied MO
(LUMO) is found on the electron-depleted pyridyl part (Figure 1.8.C).%
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Figure 1.8. A: Resonance mechanism of ICT in arylalkynylpyridine. B: Example of an arylalkynylpyridine with an
electron donor substituent on the aryl ring. C: Energy diagram for HOMO and LUMO, calculated for the species in
B that demonstrates distribution of electron density in MOs (adapted from D’Aléo et al. (2008)).23
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Upon closer examination, there are two LUMO orbitals that are very similar in energy and have
slightly different distribution of electron density. A lower energy LUMO (106) appears to
contain most but not all electron density on the pyridyl group, while in LUMO+1 (107), n

electron density remains on the aryl ‘top’. As a result, there is a possibility of populating two
energetically similar LUMOs via PE since both have the ICT character and therefore produce

high transition dipole moment.

It was also established that increasing the electron donating nature of the aryl ring substituents
increases the energy of the HOMO and therefore decreases the HOMO-LUMO gap. This
allows to fine-tune the A of the absorption maximum that shifts bathochromically (red) when
the aryl ring becomes more electron rich. Another advantage of large spatial separation of
HOMO and LUMO is that PE results in a substantial displacement of electron charge. This
increases the magnitude of the transition dipole moment and leads to larger values of . In
addition to that, population of LUMO results in localisation of electron density on the pyridyl
nitrogen atom which coordinates to the lanthanide centre in a complex. This results in a higher

rate of ET that improves the material's @.
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1.8. Chemical and photophysical properties of sensitisers

There is a large variety of chromophores that are used in sensitised lanthanide complexes
(Figure 1.9) with certain structural similarities. Firstly, these molecules are highly conjugated
which is a property of most organic fluorophores. In addition to good light absorption
properties, extended conjugation brings their absorption A maxima to the longer A UV range.
Secondly, sensitisers often contain lone pair donor atoms that can facilitate coordination to a
metal centre. Lanthanides prefer coordination numbers of 8 or 9 and therefore require octa-
or nonadentate ligands to form a stable with respect to dissociation complex. Coordinatively
unsaturated lanthanide complexes are prone to coordination of the solvent molecules that can

become a source of quenching.?

Multidenticity of macrocyclic ligands also results in stability towards dissociation of the
complexes in solution since, for example, it would require association of 9 solvent molecules
to detach a single nonadentate ligand, which is entropically unfavourable. Coordinational
saturation of lanthanides can be achieved by using macrocyclic ligands with pre-arranged
geometry which also minimises entropic penalty upon association to the metal centre.
Macrocyclic ligands for lanthanides normally consist of one or multiple sensitisers covalently
attached to a pre-arranged multidentate aza-crown ethers such as tetradentate 1,4,7,10-

tetraazacyclododecane (cyclen) (Figure 1.9) and tridentate 1,4,7 - triazacyclononane (TACN).
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Figure 1.9: Several examples of lanthanide complexes with their sensitisers in blue.'725-28
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For example, in this work, a macrocyclic ligand comprising of a TACN with 3 sensitisers
attached to it is used to sensitise europium(lll). The ligand coordinates to europium(lll) using
3 nitrogen atoms of the TACN, leaving 6 out of 9 coordination sites available for the
chromophore donor atoms. This introduces chirality into the structure by the means of torsion
angles and chiral centres, which then induces circularly polarised luminescence (CPL). Apart
from aza-crown ethers, other unusual architectures (Figure 1.10) have been reported to

effectively sensitise lanthanide complexes and produce strong CPL activity.?%*0
B
’/<>NH HN—/>\‘
NH

Figure 1.10: Examples of structures of some CPL-active lanthanide complexes. A: Chiral lanthanide complex
comprising of octadentate 2-hydroxyisophthalamide containing ligand (adapted from Petoud et al. (2007).° B
EusL4(L")4 tetrahedral cage made of four achiral Cs-symmetric tris(Bdiketones) (4,4',4"-tris(4,4,4-trifluoro-1,3-
dioxobutyl)triphenylamine, L) as faces, four europium(lll) as vertices and four chiral R-/S-bis(diphenylphosphoryl)-
1,1'-binaphthyl (R/S BINAPO) as ancillary ligands (adapted from Zhou et al. (2019).3°

1.9. Circularly polarised luminescence

In the context of quantum mechanical definition, all light is inherently circularly polarised (CP)
and can possess two possible quantised spin angular momentum values of +h/21 and -h/21r.
If linearly polarised light (LPL) light is considered, the number of photons with spin angular
momentum of +h/21 is equal to those with -h/2Tr, resulting in net zero circular polarisation.3'-
33 Therefore, all achiral luminescent species can be thought of producing equal amounts of
left-handed CPL (L-CPL) and right-handed CPL (R-CPL) with no net helicity due to the equal
probability of photons possessing either negative or positive values of the spin angular
momentum, cancelling each other out. CPL can be also considered in terms of classical
mechanics where light is an electromagnetic wave that consists of orthogonally oscillating
electric and magnetic fields. For simplicity, magnetic field can be ignored and two orthogonally
oscillating electric fields of the same A considered. If such waves propagate in-phase, their
combination will produce an electric field with a resulting vector that is at 45° with respect to
the two orthogonal electric field components. If one of these two orthogonal waves is then
shifted by a quarter of A (A/4) from the other, clockwise or anticlockwise rotation of the resulting
electric field vector is produced as the wave propagates through space to give right-handed
CP (R-CP) and left-handed CP (L-CP) light (Figure 1.11).
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A R-CPL

Figure 1.11: Classical interpretation of L- and R- CPL using vector model to describe the behaviour of the resulting
electric field (adapted from Greenfield (2021)).34

L-CP and R-CP light can be generated by passing LPL through a quarter waveplate (QWP).
QWPs contain a birefringent material such as quartz or liquid crystal polymers with light
transmittance properties that are dependent on orientation, resulting in two orthogonally
oriented fast and slow axes within. As a result, a wave that oscillates parallel two the slow axis
will be retarded by A/4 from a wave that oscillates parallel to the fast axis as both
simultaneously passed through the QWP. Therefore, passing LPL at 45° to the fast axis will
result in A/4 retardation of the electric field component that is parallel to the slow axis, to induce
CP light. The opposite helicity can be then achieved by passing LPL at -45° to the fast axis.
Generation of L- and R-CP light is used in circular dichroism (CD) spectroscopy which is a
technique that measures preferential absorption of L-CP or R-CP light by chiral materials.3>-%8
CPL is the emission equivalent of CD. CPL-active materials usually emit unequal amounts of
L-CPL and R-CPL with a different bias. Therefore, emission dissymmetry factor (gum) is used
to describe the strength of CPL for different materials. In other words, a material that produces
99% L-CPL and 1% R-CPL will give a substantially stronger CPL signal compared to the one
emitting 51% L-CP and 49% R-CP light. Therefore, gium can be expressed as a ratio between
the L-CPL and R-CPL intensity (/) difference and a half of the total intensity (Equation 8).

Iicpo —IRcpL  _ 2(IcpL — Ir-cpL)
0.5(cpL + Ircp)  Ui-cpL + Ir-cpL)

(8]

Jium =

As a result, theoretically possible values of gum are between 2 (only L-CPL) and -2 (only R-

CPL), while gum = 0 indicates the absence of circular polarisation.

Practically useful CPL-active dyes must not only have high gum but also B. For example, a
material can produce high gum and low total emission intensity due to poor B, which makes it
inapplicable in rapid emission acquisition required for authentication of the CPL security
feature. The product of gumand B is known as CPL brightness (CPB) (Equation 9).223°

CPB = B g‘;m = &b g‘;m [9]
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CPB can also be used as a reference parameter to compare the performance of different CPL-
active materials, where the maximal observed value of the gumis used. This, however, does
not provide the most accurate representation of CPL performance, since gumis a function of
emission A. In other words, gum values can peak at A of low total intensity that do not
significantly contribute to the total emission and therefore B. This is particularly relevant for
lanthanides, where some emission bands are more CPL-active than others. For example, the
MD AJ = 1 transition in europium(lll) demonstrates strong gium but contributes only ~5% to the
total emission intensity. On the contrary, the most intense AJ = 2 transition often produces low
gum values. Therefore, for a better measure CPB can be calculated for individual transitions
(CPB)) using a branching factor (8,) which is the ratio of intensities of the emission band of

interest and total emission (Equation 10).

CPB; = B; X CPB [10]

For reference, the highest CPB; to date was demonstrated by a recently developed
europium(lll) complex [(EusLs)((R/S)-BINAPO),] that was mentioned earlier (Section 1.8,
Figure 1.10.B).*° CPB; value of 3,000 M~" cm™" was produced by AJ = 1 transition.

There is a wide range of different vV AN

o .
classes of materials that are CPL
active (Table 1.3.). Materials that were

reported to produce the highest gum

and CPB values are lanthanide(lll)

M*[Eu((+)-hfbc)J-

complexes, with particularly

europium(lll) - producing  the  best Figure 1.12. Schematic (left) and crystal (right) structure of CPL-
results. The highest practically active Cs[Eu(+)-(hfbc)s] (adapted from Kumar et al. (2016)).42

observed gum value of 1.38 were reported for the monomeric organometallic complex
Cs[Eu(+)-(hfbc)s] (hfbc = 3heptafluoro-butylryl-(+)-camphorato) (Figure 1.12).4° In a separate
publication, a helical polymeric form of Cs[Eu(+)-(hfbc).] resulted in the highest ever reported
gum value of 1.45.4' On the other hand, Cs[Eu(+)-(hfbc)s] has relatively low CPB;of just ~51
M~ cm™, which is significantly lower than the average for europium(lll) complexes 286 M~'
cm™ (AJ = 1).*2 This highlights the superiority of CPB; over gum in accurately estimating the

performance of CPL-active materials for practical applications such as security inks.
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Table 1.2: Overview of gum, CPB and @ of CPL-active systems (adapted from MacKenzie and Pal (2021).2242

. : , Average CPB o))
CPL-active species gum (best in class)
/ M cm™’ ! %
. Eu: 286 (AJ = 1), 69
Lanthanide(lll)
0.1-1.4 (109 (AJ = 2); Tb: 146; >50
complexes
Yb: 4.
Cr complexes 10" 174 ~1
Helicenes 1072 5 3-65
Ketones 102 1.1 <0.1
Cyclophanes 107 68 >50
BODIPY derivatives 103 47 15-70

1.10. Introduction to security inks

The focus of this project is on investigation of materials that can be used as security inks with
5 or more layers of security: spatial, chromatic, temporal, spectral and helicity-CPL. Spatial
security layer is enclosed in a unique printed patter. Chromatic layer contains information on
colours that are present within such pattern. Temporal layer contains information on the
difference in emission lifetime of different security ink components which requires time time-
gated authentication method. Spectral security layer is based on the total emission spectral
shape that can serve as a unique fingerprint of the security ink structure. CPL security is based
on the CPL sign and dissymmetry of the lanthanide(lll) emission bands. While the first two
levels — spatial and chromatic, can be easily verified using ‘naked eye’ and a conventional
source of UV light, the rest would require a specially designed equipment. As a result, spatial
and chromatic security layers are currently widely exploited in banknotes and identification

documents such as driving licenses and passports.?2

For example, a europium(lll) complex of unknown structure is used in red emitting component
of the luminescent pattern observed in the United Kingdom passports (Figure 1.13.A) under
UV irradiation.??> This was confirmed by the characteristic europium(lll) emission spectral
shape, while the wideband emission spectrum of the green component could be produced by

some green fluorescing organic fluorophore such as fluorescein (Flrscn) (Figure 1.13.B).
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Figure 1.13. A: Luminescent security ink pattern on a contemporary United Kingdom passport that is only visible
under 365 nm UV light. B: Emission spectrum recorded for green and red components of the pattern (adapted from
MacKenzie and Pal (2021)).22

Another commonly known example are Euro banknotes that contain europium(lll) and
europium(ll) complexes that produce red-orange and blue-green luminescent patterns under
UV light. The presence of europium(lll) was confirmed by recording the emission spectrum of
the red-orange emission from a fragment of a 50 € banknote (Figure 1.14.A) to observe line-
like spectral shape with characteristic for europium(lll) band positions and relative intensities.
The exact chemical composition of the sensitising ligand is kept secret to prevent
counterfeiting.® This is an example of spectral security layer where identical relative intensities
and splitting patterns of the emission bands can only be observed from lanthanide(lll)
complexes with the identical chemical composition. Although spectral fingerprinting is an
effective anti-counterfeiting technique, it can’t serve as a primary security layer since can only

be authenticated using a high-resolution spectrometer.

A

580 600 620 640/6(50 680 700 720 lluminant A lluminant UV 254 nm
A/ nm

Figure 1.14. A: Emission spectrum (Aexc = 366 nm) of the red-orange tag on a 50 € banknote (adapted from Blinzli
and Eliseeva (2013)).5 B: Structure of [Ln(dpa)s]® complex. C: Photograph of images printed using [Ln(dpa)s]®
complexes of Eu and Tb and a blue fluorescent ink that are invisible (left) until illuminated with UV (254 nm) (right)
(adapted from Andres et al. (2014)).43

Another promising example of security inks based on lanthanide(lll) complexes for tags with
spatial and chromatic security layers exploited water soluble [Eu(dpa)s]* and [Tb(dpa)s]* (dpa
= dipicolinic acid) complexes producing red and green emission respectively (Figure 1.14.B).
These two complexes together with a blue fluorescent ink were loaded into a standard inkjet
printer to print full-colour images that were only visible under 254 nm UV irradiation (Figure

1.14.C). The obtained colour gamut was as large as the industry standard red-green-blue
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(sRGB), which was achieved by mixing the three inks in different proportions using specially

developed algorithms.*

A more recent example used zeolite particles doped with europium(lll), terbium(lll) and
dysprosium(lll) to create polyvinyl acetate (PVA) films containing a random multi-colour
pattern.** High randomness of the particle distribution was obtained when preparing the films
by spin-coating. Two possible ways to resolve the coloured pattern were discussed. Emission-
based method required a spectrometer or band-pass filter-based detection to observe
selected emission bands of the lanthanide(lll) ions, which was not a reliable method due to
spectral overlap of some europium(lll) emission bands with the other two lanthanides (Figure
1.15.A). Excitation-based method was more reliable due to no significant overlap of the
selected absorption bands of the three lanthanides. Therefore, 450, 465 and 488 nm laser
lines were used to selectively excite dysprosium(lll), europium(lll) and terbium(lil) respectively.
The recorded emission intensity at each excitation A was then assigned to R (europium), G
(terbium) and B (dysprosium) channels (Figure 1.15.B) to generate digital versions of the
random patterns. The selective excitation method avoided the need for a spectrometer and
only required a single long pass filter (LPF) (optical filter that only transmits light above a

specific A) and a total intensity detector such as a charge-coupled device (CCD).
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Figure 1.15: Emission (A) and excitation (B) spectra of zeolite particles doped with dysprosium(lll) (blue),
europium(lll) (red) and terbium(lll) (green) with the bands selected for G, B and R channels of the resolved images
shaded in grey. C: GBR resolved image of a random pattern generated within a spin coated PVA film containing
lanthanide(l1l) doped zeolite particles (adapted from Carro-Temboury et al. (2018)).4

The number of unique patterns with a size of 60x60 pixels was estimated as 7°°%° which is
essentially infinite for all practical purposes. Although this method of creating multi-colour
security tags of unique patterns is promising in theory, practical implementation would
encounter several challenges. Firstly, authentication of a single tag containing 3600 pixels
would require a relatively long time, since the image acquisition was performed by sequential
PE of each individual pixel. Secondly, this method exploited a confocal microscope which
requires a high cost and space consuming laboratory-based setup. Thirdly, operation of a

confocal microscope requires extensive training that would also contribute to additional costs.
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Overall, this example of security tags demonstrates the importance of simultaneous
development of both a security tag and equipment for its authentication that must be relatively
inexpensive, easy to operate and sufficiently compact to be used in various settings and

produce low level of authentication uncertainty.

1.11. Introduction to circularly polarised luminescence spectrometry

Current research in CPL-active materials is significantly limited by a relatively high cost of
commercially available of CPL-spectrometers (>£100,000). Therefore, the use of ‘home-built’
CPL-spectrometers is currently predominant in CPL-related literature with the total cost of
components of ~£50,000. Most set-ups, including the one exploited in this work, are similar

and contain the same key components (Figure 1.16.A).

A CPL-spectrometer usually consists of a broad (i.e. laser-driven) excitation light source, two
scanning monochromators (SM), for both excitation and emission, a photo-elastic modulator
(PEM), a lock in amplifier (LIA), a linear polariser (LP) and a photomultiplier tube (PMT) or a
photodiode (PD).*® Excitation (SM (A)) and emission (SM (B)) SMs are used to select the A of
excitation light and emitted light respectively. Sample irradiation with unpolarised light triggers
CPL of a chiral sample, which is then passed through a slit to minimise the amount of
undesired scattered light reaching the PEM. It works by applying periodic physical stress at a
frequency of 42 kHz to an optically transparent isotropic material such as quartz to induce
birefringence. This makes PEM serve as an oscillating QWP that alternatively convert L- and
R-CPL into LPL. This LPL is then then analysed using a static LP. Depending on the
polarisation angle, different amount of such LPL will pass through the LP before reaching the

detector.
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Figure 1.16: Schematic representation of two CPL spectrometer set-ups. A: Commonly exploited PEM based CPL-
spectrometer. B: Newly introduced rapid CPL-spectrometer based on QWP, dual channel signal acquisition and
CCD detectors (adapted from MacKenzie et al. (2020)).46
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In order to accurately measure the intensity of L- and R-CPL, the detection must be
synchronised with oscillations of the PEM. This is facilitated by a LIA in line with PMT that
converts the recorded CPL signal into alternating current while total emission produces direct
current signal. Since longer A photons are lower energy, the intensity of the current they
generate is lower compared to shorter A photons. Therefore, red detection correction is applied
to the recorded intensity. One of the main drawbacks of the above-described CPL-
spectrometer is a long spectrum acquisition time which normally takes ~1 hour (5 averages,
100 nm spectral window, 0.5 nm intervals). In addition, the standard PEM set up is
incompatible with time gating, which, on the other hand, could be facilitated by introduction of

mechanical optical choppers that are synchronised to the PEM oscillating frequency (42 kHz).

Recently, a novel dual-channel CPL spectrometer that could acquire a single full A-range
spectrum in as little as 10 ms was proposed (Figure 1.16.B, SS-CPL).*¢ It exploits a QWP
instead of PEM and two solid-state CCD spectrometers instead of a PMT. When the emitted
light is passed through a QWP, it is converts R- and L-CPL into two orthogonal LPL signals.
The total signal is then equally split into two channels by a non-polarising beam splitter to be
subsequently analysed by high-precision motorised rotation of LPs. The light was then
diffracted inside the modules of the CCD spectrometers to simultaneously detect the light
intensity at different A within the 400-800 nm operating range. Another variation of the setup
exploiting a polarising beam splitter was found to generate a larger error due to a non-linear
polarisation differentiation by the prism which would require a more complex calibration and

post-run correction of the recorded CPL spectra.

Overall, the dual-channel set-up allowed for a significantly faster (~5400 times with same
parameters as above) acquisition rates with significantly larger signal to noise ratio compared
to PEM CPL. This was achieved by accumulation of multiple spectra over a short period of
time. Another advantage of fast acquisition rates was lower extent of sample degradation due
to a reduced exposure of the sample to the excitation light. Most importantly, this setup was
inherently capable of facilitating the time-resolved CPL detection for the first time.

The QWP-based multi-channel detection principle was further implemented in the recently
developed CPL laser scanning confocal microscope (LSCM) for live-cell imaging and rapid
handheld time-resolved CPL photography (CPLP) camera for authentication of CPL-active

security inks.2047
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1.12. CPL laser scanning confocal microscope for enantioselective differential

chiral contrast imaging

The previously discussed dual-channel CPL detection method was also implemented in CPL
LSCM, where the light from the sample plane is passed through a QWP converting the L- and
R-CPL into orthogonal linearly polarised states that are selected by precisely aligned LPs and
detected by two avalanche hybrid PDs (Figure 1.17).2° This allowed for simultaneous
acquisition of images using the L- and R-CPL channels that could be then used for

enantioselective differential chiral contrast (EDCC) imaging.

EDDC imaging is performed by

subtracting the intensities recorded by ;!

the two polarisation-sensitive channels g

D -

raster pattern scanning method. Since L,

from one another in a pixel-by-pixel 3D

the L- and R-CPL channels are more
sensitive towards L-CP and R-CP light

respectively, subfraction of the right Figure 1.17: CPL LSCM set-up, where the light from LSCM is

channel intensity from the left channel passed through a QWP, followed by equal splitting into two
channels, where vertically and horizontally aligned LPs select

intensity (L-R) will produce an EDDC L- and R-CPL before detection by avalanche photodiodes
(ADP).
image containing the surplus L-CPL and

vice versa.

In a recent example, EDDC imaging was performed on live mouse skin fibroblast cells
(NIH3T3) dosed with two enantiomers of a europium(lll) complex EuL® (Section II1.6, Figure
3.8), where each demonstrated selective localisation in different organelles of the cell — either
mitochondria (Figure 1.18.G) or lysosomes (Figure 1.18.B) which agreed with the total
intensity images of the organelles targeting dyes MitoTracker™ Green (Figure 1.18.H) and
LysoTracker™ Green (Figure 1.18.C) that possess selective mitochondrial and lysosomal
localisation.?® This demonstrates how CPL LSCM can be used to selectively image chiral CPL-

active species in live-cells.
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Figure 1.18: CPL-LSCM images of NIH3T3 cells doped with A (A and B) and A (F and G) enantiomers of EuL®
compared to LysoTracker™ Green (C) and MitoTracker™ Green (H) (Aex =488 nm, 2 mW, Aem =500 to 530 nm)
that selectively localise in lysosomes and mitochondria respectively. A and F: Total intensity images (Aexc = 355
nm, 20mW, Aem = 589 to 720 nm). B: EDCC R-CPL (R-L) image highlighting lysosomal localisation of A isomer. G:
EDCC L-CPL (L-R) image highlighting mitochondrial localisation of the A isomer. Scale bar = 20 ym. (adapted from
Stachelek et al., 2022).20

Apart from live cell-imaging, CPL LSCM allows to record CPL of solid state materials (films,
crystals, etc.) which allows to study the local and global chirality and therefore CPL properties
with diffraction limited 3D resolution. One of the recent examples demonstrated how crystals
of a A and A enantiomers of europium(lll) complex containing chiral pyridyl-diamide (pda)
(Section IIl.6 — Figure 3.15) ligands could be differentiated using EDCC imaging (Figure
1.19).48
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Figure 1.19: EDCC of crystals of A (top row) and A (bottom row) enantiomers of pda-containing europium(lll)
complex on a glass substrate: transmission image (A), total emission (Aex= 355 nm, 20 mW, Aem = 589-599 nm)
(B), images recorded using L- (C) and R- (D) CPL-sensitive channels (Aem = 589-599 nm), calculated EDCC
images: L-R (E) and R-L (F). (x40 0.7 numerical aperture (NA) air objective, 210 x 210 uym field of view (FOV), 100
averages, 1.5 ym axial section, scale bars = 50 ym, numbers in red are average 8-bit pixel intensity values for the
regions of interest (ROI) (A in yellow) (adapted from Caffrey et al., 2024).48

Another recent example demonstrated EDCC of crystalline L-valinol-based bis-perylene
diimide macrocycle where chirality is induced by - stacking interactions. Here it was
demonstrated how CPL LSCM could be used to study the dependence of CPL on local crystal
morphology (Figure 1.20).#° In this case, a higher dissymmetry of LCPL was observed when
focusing on the edge of the crystal as opposed to the face, which was attributed to a lower
extent of internal crystal reflections that randomise CPL signal. This was estimated by
comparing the ratios of average intensities within the same ROIs on the raw images recorded

using L- and R-CPL sensitive channels.

100 ym

Figure 1.20: A: L-valinol-based bis-perylene diimide macrocycle structure; B: CPL LSCM L-R EDCC (Aex = 458
nm, Aem > 570 nm (LPF570)) images of the L-valinol-based bis-perylene diimide macrocycle single crystal face
(left) and edge (right) (adapted from Hartmann et al., 2026).4°
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1.13. Rapid handheld time-resolved CPL photography camera

A novel polarisation-sensitive equipment for security ink authentication was proposed
recently.*” This rapid handheld time-resolved CPLP camera can be used for authentication
four previously mentioned security features: spatial, chromatic, temporal and CPL. The set-up
is based on a Kiralux® polarisation sensitive complementary metal-oxide-semiconductor
(CMOS) USB camera (CS505MUP1, Thorlabs, Figure 1.21.A) that contains periodically
repeating clusters of 4 pixels, each covered with an array of differently oriented LPs (Figure
1.21.B) at - 0°, 45°, -45° and 90°.

s (7221~ -
e i
Pol
: """I %///% Microlens Array :ear:::i::n
» USB Pulse
: \\\\\ e 3 Camera Generator
28] N |||l'
: Polariser Array S
: ~ SIM -
1 o ~ . -
1 e . i
365 nm ' 9 \ / Photodiodes /\ 1” Filter
LI | i 0 eatlad | ( I [ [ ]// Wheel

Figure 1.21. A: Schematic representation of the camera set-up. B: Shematic representaion of the distribution of
LPs across the array of PDs in Kiralux® camera and its quantum efficiency A dependence. C: Annotated photograph
of the camera set-up (adapted from De Rosa et al. (2023)).4”

In combination with a QWP that is precisely pre-aligned parallel to one of the LPs, L- and R-
CPL can be rapidly distinguished in a single scan. For example, if the fast axis of the QWP is
aligned with 0° LP, emission detected by the pixels covered with 45° and -45° LPs would be
sensitive to R- and L-CPL respectively. In the proof-of-concept study, a chiral europium(lil)
complex EuL® possessing a single-sign CPL AJ = 1 was selected to maximise the signal to
noise ratio. The A and A enantiomers of the complex as well as CPL-inactive rhodamine B
(RhB) were mixed with polymethylmethacrylate (PMMA) in dichloromethane (DCM) and drop-

casted on a microscope slide (Figure 1.22.A)
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Figure 1.22. A: PMMA films doped with emissive species. B: Selection of AJ = 1 using BP594/10. C: Time resolved
EDCC images (adapted from De Rosa et al. (2023)).4
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Selective detection of the AJ = 1 band emission was achieved using a 594 + 5 nm band bass
filter (BPF) (BPF594/10) (Figure 1.22.B). Although RhB is also emissive within the selected
BPF range, it would not be observed on the EDCC calculated images. As a result, the L-R
image only contained the L-CPL of the A enantiomer, while R-L image only showed the R-
CPL of the A enantiomer. This demonstrated a method of authenticating a CPL security layer
facilitated by selectively recording the intensity of the two enantiomers of a europium(lil)
complex that could be placed in different parts of the total pattern. This was further
demonstrated using a ‘security tag’ comprising of a smiling face, where the left and right eyes

were drawn using the A and A enantiomers (Figure 1.23.A).

Apart from authenticating the CPL security feature using EDCC, the CPLP camera was
compatible with authentication of other previously mentioned security layers such as temporal
using time-gated photography. The image acquisition was performed after a 20 ps time delay
following irradiation. This was facilitated using a combination of EuL® with a millisecond-scale
7 and organic dyes with nanosecond-scale 7 in the tag. In the proof-of-concept study, three
organic dyes (Figure 1.24): RhB (red), Flrscn (green) and anthracene (blue) together with
racemic and enantiopure versions of EuL® were used to draw different parts of the smiling

face ‘security tag’ on optical brightener-free paper (Figure 1.23.A).
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Figure 1.23. A: Photograph of a security tag embedded into an optical brightener free paper substrate (left) and
the assignment of dyes to the tag features they were used for (right). B: Emission spectra of all materials present
in the tag. C. Schematic representation of the tag features that can be selectively detected using time-gating, optical
filters and chiral contrast (adapted from De Rosa et al. (2023)).47
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Figure 1.24: The structures of anthracene, Flrscn and RhB colour coded according to their emission.

The temporal security layer was then authenticated by acquiring the images with a 20 uys delay
following the PE. As a result, the features containing organic dyes were invisible, while
europium(lll) containing features were still present (Figure 1.25.A). An extra security layer
could be introduced using LP filters that sequentially remove the emission of individual dyes
(Figure 1.23.C). For example, 495 nm LPF (LPF495) removed the anthracene component,
while 570 nm LPF (LPF570) removed Flrscn. Most importantly, authentication of all security
layers was achieved using a single light source — a commercially available 365 nm document

reader that effectively excited all dyes present in the tag.

A simultaneous use of multiple authentication techniques was also explored, where EDCC
calculations were performed with the images acquired using the time-gating method (Figure
1.25.A). Time gating alone allowed for a complete removal of the features containing organic
dyes from the total emission image so that only europium(lll) containing features remained
(Figure 1.25.A). The two enantiomers (each of the eyes) could be then selected using the
EDCC image calculation (Figure 1.25.B and C).

u Time-resolved Time-resolved

EDCC BP594/10(L-R) § EDCC  BP3594/10(R-L)

Figure 1.25: Time-resolved images of a laminated security tag that only show features produced by a long-lived
europium(lll) emission. A: Total intensity image using a LPF570 filter. B and C: Chiral contrast images using
BPF594/10 filter, demonstrating AJ=1 emission from enantiopure europium(lll) complexes that show net L-CPL
(B) and R-CPL (C) (adapted from De Rosa et al. (2023)).4”
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1.14. Project aims and objectives

The overarching project objective is development of chameleon security inks that can be used
to create a ‘chameleon security tag’ (CST) containing 5 or more layers of security. Such CST
must be compatible with incorporation into banknotes, identification and other sensitive
documents, certificates, military, medical and possibly other consumer goods where anti-
counterfeiting features are necessary to prevent profit losses, fraud and even human deaths.*°
Therefore, for effective practical implementation of the CST, it needs to satisfy several

requirements.

Firstly, the design of the tag must allow for its rapid authentication by the ‘in-house’ developed
CPLP camera. Hence, incorporation of certain luminescent properties into the tag must be
sensible in terms of functional capabilities of the camera such as emission detection limit,
time-gating exposure as well as compatibility with commercially available optical filters and
excitation light sources. For example, optimisation of the temporal security must exploit
organic fluorophore that can be excited using the same A of light as for the europium(lil)
complex; emission A ranges of the fluorophore and the complex must sufficiently overlap within
a fixed-in-place BPF is a simplified cheaper configuration is required for commercialisation;
the concentrations of the materials must be brightness-optimised (at a measured A range) to
match their emission intensities that are governed by exposure times that are compatible with
time-gating; if the materials are incorporated into the same host matrix such as PMMA film,
reabsorption of europium(lll) emission by the nearby organic fluorophores must be minimised
to avoid the repeated PE of organic fluorophores after the time delay. Reasonable optimisation
and simplification of the camera set-up and the automatization of the authentication procedure

must also be considered when developing the CST.

Secondly, the physical nature of the tag needs to be considered. 43 world countries including
China, New Zealand, Poland, Romania, Mexico, Egypt, Canada and Brazil switched to
polymer banknotes starting with Australia in 1988.5'°2 Polymers are more resistant to
mechanical and water damage which makes banknotes last longer compared to their paper
alternatives. Therefore, the use of polymer matrix would make the CST more compatible with

modern banknotes.

PL properties of materials are dependent on their environment, for example, solvatochromism,
where the emission A of the same fluorophore depends on the polarity of the solvent.%
Generally, more polar solvents tend to reduce the energy of the S1 by an ordered alignment
of the solvent molecules surrounding the excited fluorophore to optimise the resulting dipole-
dipole interactions, resulting in a bathochromic shift of absorption and emission bands. This

can also occur in solid state polymer hosts, where the surrounding environment can affect the
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energy of electronic states and induce splitting of states via symmetry reduction, affecting the
emission spectral shape and potentially gun. Therefore, the key photophysical properties of
the developed security inks must be studied in the solid-state polymer host as well. In addition,
a high degree of reproducibility of the developed CSTs must be achieved to facilitate reliability
of the authentication method. This is crucial for potential commercialisation of the CST in the

future.

For the europium(lll) complex to perform well in a CST, it needs to have photophysical
properties that result in high CPB,. Firstly, the sensitiser must effectively absorb excitation light
which is characterised by a large value of €. As mentioned earlier, arylalkynylpyridine
chromophores have relatively high € due to the structural feature facilitating the ICT excited
state which results in a large transition dipole moment during PE. The systems containing
arylalkynylpyridine chromophores demonstrated molar absorption coefficients of as large as
60000 M- cm™.5* Another benefit of the arylalkynylpyridine based sensitising systems is the
absorption maximum in low energy UV region, resulting in compatibility with the A of a
conventional 355 nm laser (3" Harmonic of the Nd:YAG (neodymium-doped yttrium aluminium
garnet) laser) or 365 nm UV LED. As a consequence, the ICT energy of the
aryalkynylpyridines (~21300 cm™) is sufficiently close to the °Dystate of europium(lll) at 19050
cm™, while also sufficiently far energetically (>10 kgT (2050 cm™)) to minimise the extent of
thermally activated BET.® As a result, due to the efficient ET, aryalkynylpyridine-sensitised
europium(lIl) complexes often demonstrated relatively high values of quantum yield of ~50%.54
Another requirement for the sensitising ligand is the ability to coordinatively saturate the
europium(lll) centre (coordination number 9) to prevent undesired coordination of other
species such as solvent molecules that destabilise the structure and serve as a source of
vibrational relaxation, for example, via XH oscillators. In addition, the distribution of the lone
pair donor atoms of the macrocyclic ligand must be optimised in terms of ‘bite angles’ to
provide a sufficient overlap with the europium(lll) centre without inducing too much strain
during complex formation. Apart from that, the structure of the ligand must facilitate chirality
which is a necessary requirement for the CPL activity. It is also necessary for the structure to
provide a relatively high energy barrier for racemisation since enantiopurity needs to be
maintained for a consistently high gum over longer periods of time at ambient temperatures
and short exposures to higher temperatures such as 150°C which is commonly reached during
document lamination.?>°% Overall, aryalkynylpyridine-based sensitising ligand was chosen as
a good candidate for europium(lll) complexes targeting the main requirements of the novel
CST.
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CHAPTER Il. The study of the arylalkynylpyridyl phenylphosphinate

donor EuL’ complex

I.1. Preparation and photophysical characterisation of the arylalkynylpyridyl-

sensitised phenylphosphinate donor EuL® complex for security applications

The first target material of this work was a previously reported EuL® complex (Figure 2.1).
EuL® is a good starting point to investigate arylalkynylpyridyl-sensitised europium(lll)
complexes as candidates for novel CPL active security inks. EuL® has multiple useful
photophysical properties that are governed by its structure. Firstly, and most importantly, EuL®
luminescence is facilitated by europium(lll) which, as previously mentioned, is known to
produce high gium values when placed in a chiral environment provided by macrocyclic ligands.
High dissymmetry of CPL is necessary for an effective differentiation between the left and right
handedness of the emitted light using commercially feasible instruments such as the CPLP
camera to authorise the CPL security features. Another benefit of europium(lil) emission is its
relatively long lifetime (milliseconds) compared to organic dyes (nanoseconds). This allows
for a selective time-gated detection of the europium(lll) emission to enable the temporal
security layer of a security tag containing a combination of EuL® and organic fluorophores. In
EuL?’, the emissive states of europium(lll) are populated via the ligand sensitisation, which
results in a large pseudo-Stokes shift. As a result, the material absorbs light in the UV region
and emits visible light. Therefore, no absorption in visible light region makes the security ink
invisible to an unaided eye unless illuminated with UV light. The aryl groups of the sensitising
chromophores are 2,4,6-trimethoxy substituted, providing a bathochromic shift of the
absorption maximum towards 365 nm for optimal excitation of the ink with a commercially
available UV LED. An additional important benefit associated with the electron donating
substituents on the ‘top’ of the chromophore is increase in € due to a stronger transition dipole.
Last, but not least, bulky phenyl substituents increase the energy barrier for inversion of the
phosphorus chiral centres that are required for racemisation. Hence, the racemisation lifetime

of EuL? will be sufficiently large for CPL security inks which would increase their shelf life.

EuL?® consists of a nonadentate macrocyclic ligand coordinated to the europium(lll) centre via
the pyridyl and TACN nitrogens and phosphinate donor oxygens. In this work, it was
synthesised using procedures adopted from literature*’-5°5-61 From the retrosynthetic point of
view, the whole macrocyclic ligand must be prepared separately prior to hydrolysis of the
phosphinate esters followed by complexation to europium(lll) (Scheme 2.1). The ligand is
obtained by alkylation of the mesylated chromophore which can be obtained by Sonogashira

cross coupling of two separately prepared ‘top’ and ‘bottom’ components.
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Scheme 2.1: Retrosynthetic analysis of EuL®.

In an alternative pathway, the complex containing only ‘bottom’ chromophore components
could be prepared first, followed by Sonogashira cross coupling reaction with the ‘top’
components to give EuL®. This method was not attempted due to the entropic penalty
associated with coupling three alkynes to each complex molecule. In other words, there was

a possibility of the side products containing only one or two alkynes out of three.

The synthetic route towards the ‘bottom’ component was previously reported in literature
(Scheme 2.2).%562 The first step was Pd-catalysed formation of C-P bond to attach
phenylphosphinate group to 2-bromo-6-methyl-4-nitropyridine. This was achieved using
Pd(dppf)Cl. (dppf = diphenyl phosphino ferrocene) as a to produce 1. The mechanism of C-P
bond formation using Pd(dppf)Cl. was not reported in literature but could be based on a similar

reaction with aryl nonaflates using palladium(Il) acetate (Scheme 2.3).%3
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AN N
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OH Ph o) o) N
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Scheme 2.2: The reaction sequence for the ‘bottom’ component of the phenylphospinate donor chromophore for
EulL®.
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Scheme 2.3: Proposed mechanism for Pd-catalysed C-P bond formation.

In the next step, the nitro group on 1 was replaced with bromine using acetyl bromide (Scheme
2.4). In this transformation the phenylphosphinate ester undergoes undesired hydrolysis.
Therefore, the ester needs to be restored using triethyl orthoformate to yield 2. The following
step involves a conversion of pyridine nitrogen into N-oxide using meta-chloroperoxybenzoic
acid to produce 3. Formation of N-oxide is necessary for introduction of alcohol functionality
via Boekelheide rearrangement with trifluoroacetic anhydride.®* Solvolysis of the obtained
trifluoroacetic ester 4 in 50:50 mixture of water and ethanol (EtOH) yields the ‘bottom’

component of the sensitiser.
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Scheme 2.4: Proposed mechanism for the nitro to bromo pyridine conversion using acetyl bromide
(phenylphosphinate ester hydrolysis omitted for clarity).

The conversion of 3 to 5 could not be accurately monitored using liquid chromatography -
mass spectrometry (LCMS) due to the same molecular mass of 3 and 5. Therefore, the
reaction was monitored using 'H NMR, specifically, the proton environment at 6-methyl

pyridine substituent of 3 at 2.32 ppm (3H, s, CDCls). Conversion of 3 into 4 results in
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deshielding to produce a new resonance at 5.46 ppm (2H, s, CDCIs). The final solvolysis step

was monitored using the same 'H environment that now resonated at 4.74 ppm (2H, s, CDCls).

The ‘top’ of the chromophore 7 was prepared in a two-step Corey-Fuchs transformation of
2,4 ,6-trimethoxybenzaldehyde (Scheme 2.5). According to literature, the first step of the
original Corey-Fuchs method resulted in a complete conversion of an unsubstituted
benzaldehyde into 2,2-dibromovinylbenzene intermediate in under 5 minutes at 0 °C.%5 In this
work, the reaction took a significantly longer time to reach completion (20 hours). Such
difference in the reaction rate could be explained by a substantially increased electron density
and therefore a reduced electrophilicity of the aldehyde carbon due to conjugated electron-
donating methoxy groups at the ortho and para positions. Therefore, the rate of the first step
of the Wittig mechanism that involves an electrophilic attack on the aldehyde by the
phosphorus ylid was substantially reduced. In addition, bulky methoxy substituents could also

sterically hinder the approach of the bulky ylid containing three phenyl groups.

o o o
i) "BuLi
PPh3, CBF4 ") Hzo
DCM, t, 20 h THE 78 °C
~o o ~o o : ~o o
N X _Br
0 I
6 Br 7

Scheme 2.5: The reaction sequence for the ‘top’ component of the chromophore.
In the next step, dibromoalkene 6 reacted with n-butyllithium, resulting in an elimination
reaction to produce a bromoalkyne, followed by bromine-lithium exchange and aqueous work-

up to yield 7.

Once both ‘top’ and ‘bottom’ components are prepared, they can be linked together in a
Sonogashira cross-coupling reaction. The classic Sonogashira reaction conditions require a
combination of palladium(0) and copper(l) catalysts, resulting in high oxygen sensitivity.®® In
this work, a recently reported copper-free conditions were used, as they were believed to avoid
homocoupling of the alkyne containing moieties. Although the exact role of the copper(l) co-
catalyst is currently not fully understood, the homocoupled product would be formed in a
copper-catalysed Glaser-Hay reaction in the presence of oxygen.®” The general proposed
mechanism of the palladium(0) and copper(l) catalysed Sonogashira cross-coupling involves
4 following steps (Scheme 2.6): oxidative addition of the aryl halide across the carbon (sp?) —
halide bond to the activated palldium(0) catalyst, resulting in a palladium(ll) complex;
substitution of the copper(l) halide with the alkyne species; transmetallation between the
palladium(ll) and copper(l) centres where the alkyne is transferred from copper(l) to the

palladium(ll), replacing the halogen to produce c-alkynylpalladium(ll) and restore the copper(l)
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halide species; reductive elimination at the o-alkynylpalladium(Il) species that regenerates the

palladium(0) catalyst and yields the cross-coupled product.8-°

L,Pd° 3 L,Pd® 1 L, Pd°
)/ \& )/;E c}& )/
R R’
/ re
L,Ppd——R? LpPd _R!
L, F’d LPd. B A X LPd’
B Cycle A A X B Cycle A A X
/(\ ’
™ base HX RL,:EZ_ § L ™
base + L |
H——R?
Cycle B c Cycle B
CuX [Cu R?], anq — R2 L,Pd+t— R?),
w x E D
2 + base base HX 2 + base base HX

Scheme 2.6: Palladium-catalysed mechanisms for Sonogashira cross-coupling reaction. A: Copper co-catalysed
mechanism. B: Copper-free mechanism. C: Copper-free mechanism containing an additional palladium catalytic
cycle (adapted from Gazvoda et al. 2018).7°

The copper-free mechanism (Figure 2.6.B and C) shares the oxidative addition and reductive
elimination steps with the copper(l) co-catalysed mechanism described above. The rest of the
mechanism is different due to the absence of copper(l) cycle. Instead, there are two possible
ways of alkyne coordination to the palladium catalyst. One option is a side-on 11-donation to
the palladium(ll) followed by a switch to o-donation assisted by elimination of the halogen
(Figure 2.7.B). The other option suggests a replacement of the copper(l) cycle with another
palladium cycle that sources o-alkynylpalladium(ll) species for transmetallation (Figure

2.7.C).7°

As it was mentioned above, the chromophore 8 was prepared using copper-free condition with
allylpalladium(Il) chloride dimer as a catalyst (Scheme 2.7). Once 8 is obtained, the alcohol
needs to be mesylated to produce 9 which contains a good leaving group for the following

alkylation of the TACN nitrogens via nucleophilic substitution.

1]
/P/F’h P—OEt
: 0’
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| o .7 W _oeea B ' “Meon,n - EuL’
7 llil’/OEt MeCN, 60 °C, oo
X [Pd(allyl)Cll, 24 h, Ar N7
OH Ph P(Bu)s | 0 on Phe |
Piperidine P\/ /P\\ R
5 MecN.40°c, L oh OMs Ph 8o ©
20h, Ar, 8 9 10

Scheme 2.7: The reaction sequence for the Sonogashira cross-coupling, mesylation, alkylation, hydrolysis and
complexation of EuL?.

To prevent the formation of TACN species that are mono- or di-substituted, a slight excess of

9 (3.5 eq.) was added to TACN.3HCI to produce 10. A similar strategy was used for the final
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complexation, where europium(lll) chloride hexahydrate was used in a slight excess to avoid
any free ligand in the crude EuL®. Prior to complexation of 10 to europium(lll), all three
phosphinate esters must be hydrolysed. Base catalysed (rather than acid-catalysed)
hydrolysis was used in order to prevent an undesired hydration of the alkyne bond that was
previously reported to occur under acidic conditions (Scheme 2.8).%¢ This was attributed to

electron donating substituents on the aryl ring that are ortho and para to the alkyne providing

nucleophilic attack by water or other species.

resonance stabilisation of the protonated intermediate which was then susceptible to
OMe ;; \iOMe
.o

T

Scheme 2.8: Possible mechanism of aC|d facilitated hydration of the alkyne bond of arylalkynylpyridine with
electron-donating substituents (reproduced from Frawley (2017)).56

During hydrolysis, the pH of the solution was monitored and periodically adjusted with sodium
hydroxide as the reaction proceeded, since the conversion of a phosphinate ester into a
phosphinic acid lowered the pH, reducing the rate. Once hydrolysis of all three phosphinate
esters was confirmed by LCMS, the solution was neutralised and europium(lll) chloride was
added to yield EuL®.

I1.2. General photophysical characterisation of EuL®’.

A sample of EuL® in methanol (MeOH) was subjected to a range of standard photophysical
experiments, some of which were also repeated in acetonitrile (MeCN) to investigate any

solvent dependence.

As expected from a sensitised europium(lll) complex, a large pseudo-Stokes shift of ~250 nm
was observed (Figure 2.1.A). This is the consequence of multiple previously discussed NRR
processes that occur during ET from the light-absorbing chromophores to europium(lil) centre
to populate the emissive °Dy state. As a result, the relatively broad absorption corresponds to
the PE of the sensitising chromophore, while the emission is europium(lll) centred, producing

a lanthanide characteristic narrow-line spectral shape.

As expected from a chromophore with electron-rich 2,4,6-trimethoxy aryl ‘top’, the absorption
maximum was shifted towards the desired 365 nm (Figure 2.1.A). In addition, the chromophore
was susceptible to small positive solvatochromism which was evidenced (Figure 2.1.D) by a
~5 nm bathochromic shift of the absorption maximum when the solvent was changed from
MeCN (Amax = 355 nm) to MeOH (Amax = 360 nm). Solvatochromism of EuL® was expected,
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since the arylalkynylpyridyl chromophores are ‘push-pull’ systems that possess an ICT state
that can be stabilised in solvents that are polar and facilitate H-bonding. It is likely that the
absorption spectrum contains two bands corresponding to the So — S1and So — ICT, where
St and ICT states have similar MO configurations and energies, as discussed previously
(Section 1.7). A good overlap between the absorption and excitation spectra of EuL® was

obtained (Figure 2.1.A), confirming the sensitisation process.
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Figure 2.1. A: Normalised absorption (black), emission (solid red, Aexc = 360 nm) and excitation (dashed red,
Aem = 614 nm) spectra of EuL® in MeCN with the measured @ (absolute method) annotated; B: Dependence of
absorption (at 358 nm) on the EuL® concentration in MeCN; C: Lifetime plots of EuL? in MeOH and MeCN (0.1 abs
solutions, Aexc= 360 nm and 355 nm, Aem = 614 nm); D: Normalised absorption spectra of EuL® in MeOH (red) and
MeCN (blue); E: Normalised emission spectra of EuL®in MeOH (red, Aexc = 360nm) and MeCN (blue, Aexc = 355
nm); F: 605-630 and 680-720 nm sections of the spectrum in E.

As mentioned previously, population of the ICT state of chromophores provides a high value
of € due to a substantial displacement of electron density during PE, resulting in a strong
transition dipole moment. The &€ was measured (Figure 2.1.B) in MeCN as 60000 + 1000 M-
cm™' (at 360 nm) which was similar to other previously reported arylalkynylpyridine -sensitised
europium(lll) complexes.’***¢ Such relatively high ¢ is provided by three light absorbing
chromophores per each complex molecule. This is in agreement with previous work reporting
the ¢ values of ~20000, ~40000 and ~60000 M-" cm for the complexes containing one, two

and three sensitisers respectively.”!

The measured 7 of EuL® were 1.3+ 0.1 ms in MeCN and 1.1 £ 0.1 ms in MeOH (Figure 2.1.C)
which agreed with the 7 in isostructural europium(lll) complexes. Such relatively long lifetime
in beneficial when using EuL® in combination with shorter-lived (nanoseconds) organic
fluorophores, where the time-gated method can be facilitated to authenticate the temporal

security layer. A slightly shorter zin MeOH suggested a slight increase in the rate of BET from
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Do to ICT, the energy of which is lower in polar protic solvents. Repopulation of the ICT state

increases the extent of non-radiative vibrational quenching via solvent molecules.

EuL’emission spectral profile (Figure 2.1.E) consisted of sharp highly distinct bands as it was
expected from a lanthanide(lll) ion. Multiple Dy — ’F, electronic transitions of europium(lll)
(AJ =0, 1, 2, 3 and 4) could be resolved on the recorded emission spectrum (Figure 2.1.E).
The presence of the low intensity AJ = 0 transition suggested a relatively low symmetry at the
europium(lll) site. This agreed with the established quasi-Cs symmetry of EuL®, which only
contained Cs proper rotation symmetry element. Apart from that, quasi-Cs symmetry of the
complex resulted in high intensity of the AJ = 2 that clearly demonstrated a splitting pattern
containing a singlet and a doublet (each ~ half intensity of the singlet) that corresponded to
A+2E splitting of the “F, (under C; symmetry).>” One of the practical consequence of the
relatively high intensity of AJ = 2 at 610-620 nm was the deep red colour of the emitted light.
In contrast to europium(lll) complexes of higher symmetry, the hypersensitive AJ = 2 band
would be of a significantly lower intensity, resulting in an orange-biased emission. Deep red
emission is beneficial in security applications where europium(lll) needs to be easily
differentiated from other blue and green light emitting fluorophores by an unaided eye for the
chromatic security layer. The spectral profile was solvent dependent, suggested by a change
in relative emission intensities of the bands within the AJ = 2 and
AJ =4 emission manifolds in MeCN and MeOH (Figure 2.1.F). The solvent effect will be further

investigated when comparing the CPL spectra of EuL® in both solvents.

@ was initially determined using the relative method, with where coumarin 153 (@ = 54.4% at
298 K in EtOH) was used as a reference.”? As a result, the solutions of coumarin 153 in EtOH
(refr. index = 1.3614) and EuL®in MeCN (refr. index = 1.3441) were prepared, and their
absorption and emission spectra were recorded to calculate the @ of EuL® as 41%. Further
into the project, the @ was remeasured using an integrating sphere that allowed to determine
the ratio between the photons absorbed and photons emitted using the absolute method. This
resulted in a slightly lower & value of 36%, suggesting that the error-prone relative method
was slightly imprecise. Once both @ and ¢ of EuL® were obtained, B was calculated (@ x ¢)
as 21600 M' cm™ (at 355 nm). This value will be used in the following chapter for the CPB

calculations.

Although not directly applicable for security inks at present time due to instrumental limitations
(high cost and limited portability), a two-photon excitation (2PE) of EuL® was performed to
further explore its applicability for biological imaging applications, which was previously
reported for compounds isostructural to EuL®.'%20.7374 2PE involves irradiation of a sample
with two longer A photons instead of one high energy photon. For example, instead of a single

355 nm photon, two 710 nm (half the energy - double the A) photons separated by a very short
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(femtosecond) time-delay can be exploited using a pulse train of highly focused photons. The
benefit of using longer excitation light A is deeper tissue penetration associated with lower
absorption of NIR by haemoglobin which is beneficial in biomedical applications. For example,
710 nm falls into the first biological NIR window (700-900 nm). In bioimaging, the use of 2PE
provides a better axial resolution due to a lower probability of simultaneous absorption of two
photons compared to single photon absorption, which causes undesired out-of-focus
excitation. 2PE spectrum of EuL® was recorded and compared against the equivalent single

photon excitation (1PE) spectrum (Figure 2.2).
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Figure 2.2. A: Normalised absorption (solid black) and 2PE (red spheres, Aem = 614 nm) spectra of EuL%in MeOH.
B: Plot of integrated emission intensity at 614 nm against the excitation source power (Aexc = 720 nm) on a
logarithmic scale.

2PE spectrum appeared as two overlapping bands that are narrower and hypsochromically
(blue) shifted with respect to the 1PE. The shift of the band is a result of the nonlinear effect
of the non-degenerate 2PE, while the narrower band is associated with the quadratic
relationship between the 2PE intensity and triggering of the emission.?®757¢ As it was
mentioned earlier, single photon absorption and excitation spectra contained two overlapping
bands that correspond to So — S1and So — ICT electronic transitions. This agrees with the

2PE excitation spectrum, where two distinct intensity peaks at 700 and 720 nm were observed.

Once the optimal 2PE A was determined, the correlation between the excitation source power
(at fixed A2pe = 720 nm) and emission intensity (Aem = 614 Nm) was recorded to produce the
intensity against power plot on a logarithmic scale. The obtained slope of 1.6 suggested that
the recorded emission was caused by absorption of two-photons, which slightly deviated from

an ideal quadratic relationship which would produce a slope of 2.

After that, 2PE absorption cross-section (0?) of EuL® was determined as ¢® = 132 GM
(Goeppert-Mayer, 1 GM = 10%° cm* s photon™') at 720 nm (Equation 11) in accordance with

a standard procedure using RhB with a known ¢? of 120 GM as a reference, where F is the
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integrated emission intensity, ¢ is concentration, ® is quantum yield and R and S correspond
to the reference and sample values respectively.”"”

2 — F'S x ¢RCR O-I%
d)SCs FR

o [11]

I1.3. Investigation of EuL® CPL properties

The structure of EuL® contains three sources of chirality. The first one is the tetra-substituted
phosphorus atom (Figure 2.3.A — green) that can obtain either R- or S- configuration following
the Cahn-Ingold-Prelog rules. Oxygen donor atom coordinated to europium(lll) takes the
highest priority, followed by the double-bonded oxygen atom, then pyridyl and finally phenyl.
The second chirality source is the NCCN torsion angle within the TACN macrocycle that can
have positive (&) or negative (A) rotation when viewed along the TACN C-C bond (Figure 2.3.A
— red arrow). The third chirality source is the NCCNyy: torsion angle viewed along C-C bond
connecting the TACN to the pyridyl (Figure 2.3.A — blue arrow indicated) that can have positive
(4) or negative (A) helicity.

Although, there is a theoretical possibility of stereoisomers of EuL® with all possible
combinations of R/S, 8/A and A/A, steric constrains imposed by bulky pyridine, phosphinate
and phenyl groups limit their number to four practically possible stereoisomers (Figure 2.3.B
— circled in red). This was confirmed in previous work, where two stereoisomers, SSS-A(AAA)
and RRR-/A\(65606), were experimentally observed and stereochemistry confirmed by single
crystal x-ray diffraction.®®"8 In comparison, the other two theoretically possible SSS-A(556)
and RRR-/A\(AA) stereoisomers are destabilised by a steric clash or hindrance between the
CH: of the TACN and pyridine nitrogen, reducing the probability of their formation. Therefore,
interconversion between the enantiomers requires simultaneous rotation of the chromophore
and inversion of the TACN ring and the phosphorus chiral centre. Although such racemisation
mechanism avoids the high energy conformations, the racemisation energy barrier still

remains relatively high, resulting in stability of the EuL® enantiomers towards racemisation.%®
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Figure 2.3. A: Demonstration of three sources of chirality in EuL® R/S configuration at phosphorus, &/A
conformation of the TACN and A/A helicity of the complex. B: Four possible stereoisomers of EuL? that minimise
steric clash from bulky pyridine, phosphinate and phenyl groups with the two observed enantiomers in red boxes
(both A and B were adapted from Dr Frawley (2017)).56
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As expected, only two stereoisomers, assigned as SSS-A(AA) and RRR-A(660) (further - A
and A for short), were isolated by chiral high performance liquid chromatography (HPLC) of
the EuL?® racemic mixture (Figure 2.4). This was possible due to a chiral stationary phase the
column that produced stronger interactions with one of the enantiomers, resulting in its
enhanced retention. From a large variety of chiral stationary phases, including synthetic and
natural polymers such as methacrylates, cellulose, amylose and proteins, a cellulose based
CHIRALPAK IC was known from previous work to result in optimal separation of the
phosphinate donor complexes and therefore was used.%®
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Figure 2.4: The structure of the CHIRALPAK IC chiral HPLC column stationary phase (left) and absorbance
chromatogram (AC) (at 360 nm) for the separation of the EuL® enantiomers (solvent: MeOH, injection: 20 uL of
~0.5 mg mlI"" in MeOH, 4.4 ml min-") (right). Performed by Dr. Aileen Congreve.

The assignment of the elution order of the two enantiomers (Figure 2.4) was based on the
CPL sign of the AJ = 1 emission manifold. This was done by comparing their spectral profiles
to the known isomers of isostructural complexes that were identified using x-ray diffraction
(Figure 2.5). Specifically, AJ = 4 transition can serve as a CPL handedness ‘fingerprint’ due

to multiple inversions of the CPL sign within a single transition.”

0.06 Z
0.04 s

b NP,
0.02 o \_N/ 6"
. A 7\ / : \//

-0.02
-0.04

0.06 SRS

570 620 670 720
Wavelength / nm

Figure 2.5: CPL spectrum (left) of the RRR-A (red) and SSS-A (blue) enantiomers in H20 of the isostructural to
EuL® complex (right), Aex = 274 nm (adapted from Walton et al. (2012)).78
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The CPL spectra of the enantiomers of EuL® were recorded in MeCN and MeOH (Figure 2.6.
A and C), demonstrating strong dependence of the spectral shape of the hypersensitive AJ =
2 emission manifold (~610-630 nm) on the solvent. This suggested that the solvent strongly
interacts with the coordination environment of the europium(lll) which alters the magnitude

and orientation of the electric and magnetic transition dipole moments.

In MeCN, the AJ = 2 manifold contains 3 emission bands that correspond to the transitions
from °D, to 3 Starck states (A+2E) of ’F; (2J+1 = 5 maximal possible number states) that are
no longer degenerate due to the CF effect under C; symmetry. In MeOH, however, 4 bands
can be distinguished withing the AJ = 2 manifold on the CPL spectrum. It is likely that the
highest CPL intensity band at 614 nm in MeCN splits into two bands of lower intensity and
opposite sign when the solvent is changed to MeOH. Additional splitting could be a result of
the phosphinate donor oxygen behaving as H-bond acceptor in protic solvents which
significantly alters the europium(lll) coordination environment. Overall, this is a great example
of the use of CPL in investigation of the electronic structure of the emissive excited state of
chiral species. CPL spectrum contains significantly more information compared to a standard
emission spectrum, where only three emission bands could be distinguished within the

AJ = 2 emission in MeOH.37

A B
6- 0 0.3 r—--—-- 1 .
——A-Eul 594/10 1 610/10 1 ——A - EuL
Gium =+0.18 ——A-EuLl® ! 1 ——A -EuL®
4 ! !
I I
1
5. Gum =+0.029 | :
> ! I
E E 1 1
_:z 04 &5 1
- | ]
1
-2 Gum =-0.023 i ;
I 1
-4 ! !
MeOH ! !
G =-0.18 0.064 '! 0.003 !
64— r r r T T r . 0.3 A== i ,
580 600 620 640 660 680 700 720 580 600 620 640
(4 Alnm D Alnm
n FP—=—=== 1
14 - —A-Eul’® 0.3 594/10 1 610/10 1 ——A-EuL®
124 Gum =+0.21 . , .
——A-Eul ' ——A-EuL
10 1 1
8 1 I ]
= I ]
64 Gum =+0.025 | |
> 41 1 1
E 2] £ ! !
= 0 >
= 2]
4]
-6 4 Gum =-0.028
8
10 MeCN
121 Gum =-0.21 0.3 0100 | ,_0-007 )
580 600 620 640 660 680 700 720 580 600 620 640
Alnm A/nm

Figure 2.6: CPL spectra of A- (blue) and A-EuL?® (red) (with peak gum values stated) in MeOH (Aexc = 365 nm, 5
avg.) (A) and MeCN (Aexc = 360 nm, 5 avg.) (C) and the corresponding gum plots (B and D) with the relevant BPFs
A regions (orange — 594 + 5 (594/10) and red — 610 £ 5 (610/10)) shown with their average gum stated.
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In contrast to the solvent dependence of AJ = 2, the AJ = 1 manifold appeared of essentially
the same shape in both solvents. This agreed with the fact that AJ = 1 is a magnetically allowed
transition that only weakly depends on the environment. On the other hand, a slight reduction
of the maximal gum was observed in MeOH (gium = +0.18 at 599 nm) compared to MeCN (gum
=+0.21 at 599 nm), which can be attributed to a slight reduction in MD moment (orbital angular

momentum driven).

To estimate the CPL performance of EuL® as a security ink, a more practically useful CPB;
(rather than CPB) must be calculated. This is particularly relevant since CPB; not only accounts
for the total brightness of the material, but also the proportion of the total emission that
produces a measurable CPL signal. More specifically, while the MD allowed AJ = 1 produced
the strongest CPL signal with a significantly higher dissymmetry factor compared to the most

intense AJ = 2 transition, its total emission is relatively low.

The previously discussed literature method of CPB; determination uses (i for the whole
transition and the maximal gium point achieved within. Although a good estimate for a general
comparison of CPL-active materials, it is not sufficiently accurate to estimate their performance
in the context of CPLP, where a A region is selected using a commercially available band pass
filter (BPF) that sometimes doesn’t cover the whole emission manifold of a transition. This is
important since the sign of CPL is not always the same for all the bands within a single AJ
emission manifold. Therefore, a more CPLP-relevant term CPBk is introduced here for a more

accurate CPL security ink performance estimation.

Instead of the B; for the whole emission, a B¢ for the A range of BPF is used. In addition, the
average gum Value for the selected range (Xgum) is used instead of the maximal achieved
(Equation 12). This provides a more accurate performance estimate since gum is not constant
throughout the selected A range.

XGium
2

CPBg = B X B [12]

As a result, both CPB;and CPBr were calculated (Table 2.1) for the AJ = 1 and AJ = 2
transitions, where the 589-599 nm and 605-615 nm regions were selected for CPBr as they
matched the commercially available 594 £ 10 nm (BPF594/10) and 610 £ 10 nm (BPF610/10)
BPFs (Figure 2.6.B and D — orange and red boxes).
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Table 2.3: CPBjand CPBEk calculation for the AJ = 1 and AJ = 2 and BP594/10 and BP610/10 A regions.

I= Trans. CPB; Filter A
2 Bi | max A Br | . CPBE
% Trans. | Arange 1% | |gum /M_1 range | o, | Xgum |t o
N /nm cm /nm
T AJ=1 | 589601 |69 | 0.18 | 134 589-599 | 6.7 | 0.064 46
@)
=

AJ=2 | 605-630 | 73 | 0.029 | 228 605-615 | 28 | 0.003 9
> AJ=1 | 589-601 | 7.3 | 0.21 166 589-599 | 7.2 | 0.100 e
O
=

AJ=2 | 605-630 | 72 | 0.028 | 218 605-615 | 33 | 0.007 25

As expected, the calculated CPB; and CPBk values were significantly different, confirming the
significance of the new term introduction. CPB; values obtained in MeOH and MeCN were
similar across the two transitions — 134 and 166 M cm™ for AJ = 1 and 228 and 218 for
AJ = 2. The obtained CPB;values were lower than average for AJ = 1 (286 M™' cm™) and
higher than average for AJ = 2 (69 M™" cm™") compared to other europium(lll) complexes.
Based on CPB:; exclusively, a conclusion can be made that AJ = 2 is far more suitable for the
authentication of the CPL security layer than AJ = 1. This, however, contradicts to the values
of CPBE obtained for the two transitions. As expected, the CPBr values were significantly lower
compared to CPB;; however, most importantly, the relative magnitude of AJ =1 and AJ = 2
was inverted. In other words, AJ =1 is a far better transition for CPLP even though it's around
10 times dimmer than AJ = 2 in terms of the total emission. This is the case since a relatively
high gum was maintained throughout the whole AJ = 1 A range, increasing the Xgum. As a result,
in both solvents CPBrof AJ =1 was around 5 times higher than that of AJ = 2, suggesting that
only emission dissymmetry produced by AJ = 1 could be rapidly detected by the CPLP camera

for CPL security authentication.

11.4. Discussion and future work

A previously reported EuL® complex was synthesised and investigated in terms of its
performance as a security ink for the first time. EuL? is relatively bright material with a large
pseudo-Stokes shift that makes the material invisible to a naked eye unless irradiated with a
UV light source. The ‘push-pull’ structure of the chromophore containing spatially separated
conjugated electron rich and electron depleted groups that are linearly oriented via an alkyne

resulted in a large transition dipole moment that increased ¢ contributing to B. 2,4,6-
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Trimethoxy substitution of the aryl group increases the HOMO energy, red shifting the
absorption maximum towards the optimal 365 nm that matched the commercially available
LED. Europium(lll) emission demonstrated a characteristic millisecond-scale lifetime that
allows to facilitate the temporal security layer when combined with nanosecond-scale emitting
organic fluorophores. EuL® was synthesised as a racemic mixture containing only two most
conformationally stable enantiomers that were separated using chiral HPLC and investigated
in terms of their CPL properties. Strong CPL signal with high gum was observed, which was
characteristic for europium(lll) in a chiral environment. The advantage of the use of CPL to
study the electronic structure of the excited state was demonstrated by a comparison between
the recorded total emission and CPL spectra. In the latter, a larger number of emission bands
were observed in AJ = 2, suggesting a deviation of the EuL® symmetry from Cs. The highest
gum Values were obtained from the low intensity MD allowed AJ = 1 transition, the spectral
shape of which was essentially independent on the environment. On the contrary, the most
intense ‘hypersensitive’ AJ = 2 demonstrated a strong dependence of CPL on the solvent in
terms of both the spectral profile and gum. The CPL performance of EuL® was analysed in
terms of recently introduced in literature CPB;and herein proposed CPBe, which provided a
more realistic estimate of CPL performance in the context of CPLP. As a result, while CPB;
suggested AJ = 2 as the best candidate for CPL security authentication, CPBr contradicted
that by providing a more accurate estimate of the detectability of the CPL signal produced by
the two transitions. While the CPL security could be facilitated using the AJ = 1 transition, it
was not ideal since it only contributes around 7% to the total emission. This makes the EuL?
based security ink more expensive as more material is required to surpass the detection limit.
An ideal europium(lll) complex for security applications would produce AJ = 2 emission
manifold that maintains a relatively high gum throughout a A range of a commercially available
BPF. Since the brightest AJ = 2 emission contributes ~70% to the total emission, such ink
would be around 7 times cheaper, based on the amount of material required to produce the
same amount of signal. Simultaneously, the material must retain other previously mentioned
photophysical properties that are beneficial in security applications. The investigation into the

design and preparation of such material follows in the next chapter.
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CHAPTER Illl. The investigation into a novel EuL' carboxylate donor

complex to achieve monosign circularly polarised luminesce

llI.1. Introduction to the structural modifications of EuL"

In the previous chapter, the photophysical characterisation of EuL® suggested its suitability for
a novel CPL active CST using AJ = 1. On the other hand, the AJ = 2 transition produced a
relatively low CPBr (BPF610/10) value which was unlikely to be sufficient for a rapid
authentication by the CPLP camera. In addition, EuL® demonstrated a strong solvent
dependence of the AJ = 2 emission manifold CPL spectral shape and average gium (Xgium) ON
the solvent, where protic solvent resulted in an additional band splitting and CPL sign variation.
This is a critical issue for security application as the material must be universally compatible
with a range of commercially used host materials. The need for a repeated investigation of the
photophysical properties in each host material followed by optimisation increases costs and

decreases the reproducibility of CST.

This leads to the main requirement for a CPL-active security ink — conservation of the CPL
sign across the emission manifold to maximise the Xgium within the selected wavelength region.
Therefore, it is important to consider the symmetry at the europium(lll) emitting centre that
affects the multiplicity of the electronic states involved in a transition. For europium(lll), the
emissive °Dy state has a multiplicity of 1 (J = 0) in all symmetries unlike the multiplicities of the
’Fy and "F, which contain 3 and 5 (2J+1) degenerate Starck states respectively. Once
europium(lll) experiences the CF of the surrounding environment, the degeneracy of certain
states is lifted and multiple emission bands within each AJ emission manifold are observed.
For example, under the C; symmetry, the 'F; splits into 2 (A+E) and ’F, splits into 3 states
(A+2E), resulting in 2 and 3 bands within the AJ = 1 and AJ = 2 emission manifolds
respectively.®> Such multiplicity is the same across other high symmetry classes such as
hexagonal and octagonal but can increase when the symmetry is lowered. This increases the
probability of CPL sign variation, since the consecutive bands can possess opposite helicity,
which then reduces the Xgum. In addition, CF splitting decreases the overall MD moment and

hence the rotatory strength of the molecule, also resulting in a lower gium.

Although macrocyclic nonadentate arylalkynylpyridine-sensitised europium(lll) complexes are
well-known in literature as bright, long-lived and chemically stable inorganic
emitters,'819:9859.78.79 the research focusing on their CPL-properties is relatively recent. So far,
europium(lIl) complexes that were the most widely explored for their CPL activity contained
phosphinate donor groups.2®%%8%8! |n this work, CPL spectra of the previously reported

isostructural with EuL® materials were analysed in terms of the CPL sign variation within the
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AJ = 2 manifold.?047°65982 |t was established that, similarly to EuL®, most phosphinate
containing materials demonstrated multiple low-intensity bands that possessed sequentially
opposite CPL sign. An exception from this observation was two recently reported

methylphosphinate containing europium(lll) complexes (Figure 3.1).
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Figure 3.1: Structures of the two europium(lll) complexes (left) and their CPL spectra (right) demonstrating
monosignate AJ = 2 manifold in N-methyl-2-pyrrolidone (NMP) solvent (adapted from Stachelek et al. (2022)° (A)
and De Rosa et al. (2023) (B)).*”

The first example was very structurally similar to EuL® and contained three methylphosphinate
donor groups (Figure 3.1.A),%° while the second one was a mixed donor complex containing
two methylphosphinate donors and one carboxylate donor (Figure 3.1.B).#” Both complexes
demonstrated a single sign AJ = 2 manifold when recorded in NMP (Figure 3.1) which is a
monomer unit for the polyvinylpyrrolidone (PVP). The CPL spectrum of the second complex
recorded in ethyl acetate (EtOAc), which is a monomer unit for PMMA, was also reported with
a single sign AJ = 2. CPL spectra of these two complexes are solvent dependent and do not

demonstrate monosign AJ = 2 in some other solvents such as MeOH or water.
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The observed conservation of the CPL sign within the AJ = 2 manifold in NMP and EtOAc,
which are monomer units of the commercially available PVA and PMMA polymer host
materials, is beneficial for application in security. On the contrary, the absorption maxima of
these materials were 340 nm and 330 nm, resulting in sub-optimal PE of these materials using
the commercially available 365 nm LED, reducing the practically observed CPB,. Therefore,
the new target material must retain the 2,4,6-trimethoxy substitution on the top of the

chromophore which causes the bathochromic shift of the absorption maximum.

Currently, the literature reporting EuL-type complexes is dominated by examples containing
phosphinate donor groups, while their carboxylate containing counterparts are
underrepresented. This could be associated with a more challenging separation of the
enantiomers by chiral HPLC, which is necessary to enable the CPL-activity (racemic mixture
is not CPL active). In contrast to carboxylates, phosphinate donors bring in additional
phosphorus chiral centres that can facilitate selective interactions of the enantiomers with

chiral stationary phases of the columns.

To the knowledge of the author, the only reported example of a CPL-active all-carboxylate
europium(lll) complex contained no arylalkyl chromophore arms. Nevertheless, the AJ = 2
manifold was dominated by a strong monosign band (Figure 3.2).5°
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Figure 3.2: The structure of all-carboxylate europium(lll) complex and CPL spectra of its enantiomers in water
(adapted from Evans et al. (2013)).5°

O

Although a direct relationship between the complex structure and its observed CPL spectrum
is not fully understood, it was proposed that substitution of chiral phosphinate donors with
achiral centrosymmetric bidentate carboxylate donors would increase the MD moment
induced (total angular momentum driven). This would greatly affect the overall rotatory
strength of the molecule and the variation of CPL sign within the AJ = 1 and AJ = 2 manifold.
An increase in rotatory strength improves emission dissymmetry, leading to higher values of
gum and therefore CPB. In contrast to the pseudo-tetrahedral geometry of phosphinate donors
in EuL?, trigonal planar geometry of carboxylate donors does not allow the oxygen atom to
approach the luminescent europium(lll) centre as closely. This leads to a weaker CF

experienced by europium(lll) which reduces the CF splitting of the individual ’F, electronic
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states (especially relevant for the ‘hypersensitive’ AJ = 2 transition). As a result, the transition
multiplet is simplified on both the total emission spectrum and the CPL spectrum. This
increases the probability of the CPL sign conservation within a transition manifold by
decreasing the total number of individual bands that can produce sequentially opposite sign
of CPL. Apart from the donor groups, the rest of the structure was set to remain the same with
EuL?, which also allowed to directly study the isolated effect of the carboxylate donor group

on photophysical properties of the complex, including CPL.

In this work, the design of the novel europium(lll) complex was aimed on conservation of the
CPL sign within both AJ = 1 and AJ = 2 transition manifolds to achieve high CPBr. Strong gium
of AJ = 2 would generate an additional CPL security layer to the existing multi-coloured, multi-
spectral, opposing helicity security, combined with high spatial and temporal resolution five-
tier security. In addition, the ability to use the brightest AJ = 2 transition for CPL security
authentication would reduce the amount of material required to benefit potential

commercialisation.

lll.2. Synthesis of the novel carboxylate donor EuL' complex

The synthetic approach towards EuL' was equivalent to that for EuL®, where the ‘top’ and
‘bottom’ components of the chromophore are separately prepared before undergoing
Sonogashira cross-coupling reaction. Three chromophores are then attached to TACN via
alkylation to prepare a macrocyclic ligand that coordinates to europium(lll) after all three esters

are hydrolysed.

The bottom pyridine component was prepared from commercially available chelidamic acid,
which is brominated using phosphorus pentabromide to yield 11 (Scheme 3.1), which then
undergoes esterification with EtOH to restore the esters in 12. One of the two esters is then
reduced to alcohol with sodium borohydride in a kinetically controlled reaction to give 13, which

is the complete ‘bottom’ component of the sensitising chromophore.

) EtOH, CHClg i) NaBH,
PBrs ||) H,O ||) 1M HCI
OEt 95 Cmelt Br OFEt EtOH DCM

Scheme 3.1: The reaction sequence for the ‘bottom’ of the carboxylate donor sensitising chromophore for EuL'.
This three-step synthesis of the bottom component of the sensitiser for the EuL' is shorter
than that of EuL® and exploits a cheaper starting material while also avoiding the palladium
catalysed C-P coupling reaction. The ‘top’ of the chromophore 7, however, is shared between
EuL® and EulL".
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Scheme 3.2: The reaction sequence for the carboxylate donor sensitising chromophore for EuL'.

Once the ‘top’ and the ‘bottom’ components are prepared, they undergo copper-free
Sonogashira cross-coupling to yield the chromophore 14 (Scheme 3.2). Once 14 is mesylated,
3 equivalents of 15 are attached to TACN via nucleophilic substitution to give the macrocyclic
ligand precursor 16 (Scheme 3.3). Once all esters on 16 are hydrolysed, complexation to

europium(lll) yields EuL'.
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Scheme 3.3: The reaction sequence for the alkylation, hydrolysis and complexation steps for EuL.



lll.3. General photophysical characterisation of EuL’

Similarly to other sensitised lanthanide complexes, including EuL?®, a large pseudo-Stokes
shift (~257 nm) was observed for EuL' (Figure 3.3.A). The band shape match between the
absorption and excitation spectra of EuL' confirmed the sensitised nature of the europium(lll)
emission. @ of EuL' was measured as 45% (in MeCN) via absolute method using the
integrating sphere. As a result, ® of EuL'was 25% higher than that of EuL® (36% in MeCN),

suggesting a lower rate of non-radiative decay during the sensitisation process.

The ¢ of EuL' was determined as 77000 + 1000 M" cm™ (Aexc = 358 nm) in MeCN (Figure
3.3.B), which was ~28% higher than 60000 + 1000 M- cm™ (Aexc = 355 nm) recorded for EuL®
in MeOH. In order to confirm the accuracy of the determined ¢, the experiment was repeated
with a single chromophore 14 to produce 27000 + 200 M"" cm™ (Aexc = 340 nm) in MeCN,
which, as expected, was approximately one third of that measured for EuL' containing three

chromophores.

As a result, EuL' was found to be a significantly brighter material compared to EuL?, since
both @ and ¢ were higher. The calculated B value for EuL! was 34650 M-" cm™ (Aexc = 358
nm), resulting in a ~60% increase compared to EuL? (21600 M-" cm™, Aexc = 355). B directly
impacts CPB, CPB; and, most importantly, CPBr, suggesting that EuL' was likely to perform

significantly better than EuL? as a security ink.
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Figure 3.3: A: Normalised absorption curves (black), emission (solid red, Aexc = 360 nm) and excitation (dashed
red, Aem = 614 nm) spectra of EuL' in MeCN with the measured @ (absolute method) annotated; B: Dependence
of absorption (at 358 nm) on the EuL' concentration in MeCN; C: Lifetime plots of EuL' in different solvents (0.1
abs solutions, Aem = 614 nm); D: Normalised absorption spectra of EuL' in different solvents; E: Normalised
emission spectra (AJ = 2 and 4 only) of EuL'in different solvents and solid PMMA film; F: 605-630 nm section of
the spectrum in E demonstrating AJ = 2 transition.
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As previously discussed, the arylalkynylpyridyl containing chromophores sensitise
europium(lll) via an ICT state, where electron donating substituents on the HOMO-containing
aryl group result in HOMO-LUMO energy gap decrease and therefore a bathochromic shift of
the absorption maximum. The absorption maximum of EuL' at 358 nm demonstrated a small
3 nm red shift from the absorption maximum of EuL® at 355 nm which is beneficial for the
CPBr under CPLP parameters due to a slight increase in the relative absorbance at the
desired 365 nm.

As the only structural difference between the two chromophores is the donor group on the
pyridyl ‘bottom’ of the chromophore, the observed red shift was attributed to a more electron

withdrawing carboxylate group reducing the LUMO energy.

In MeOH, a larger bathochromic shift of 6 nm was observed (from 360 nm in EuL? to 366 nm
in EuL"), suggesting a stronger ICT-stabilising interaction between the protic solvent and the
chromophore containing carboxylate donor compared to the phosphinate donor. Since the ICT
state stabilisation is believed to occur via a pyridyl nitrogen accepting a H-bond, it was
proposed that enhanced stabilisation is facilitated by a less sterically hindered approach of the
H-bond donating solvent molecules provided by a less bulky (compared to phenylphosphinate)
carboxylate group. This proposal agrees with a significantly shorter  of EuL' in MeOH (0.6
ms) compared to other solvents, where 7 remained at a constant ~1 ms in solvents with
different polarity as well as in deuterated MeOH (MeOD) (Figure 3.3.C). Since 7 in MeOD was
similar to that in the rest of the alcohols, it was supposed that that emission quenching is not
a product of vibrational relaxation via O-H oscillators. Instead, small protic solvents stabilise
the ICT via H-bonding, which decreases the energy gap between the ICT state and the lower-
lying °Do, and therefore increases the rate of thermally activated BET. This depopulates °Ds,
resulting in europium(lll) emission quenching. The 7 of EuL' in a 200 nm thick PMMA film
(discussed later in Chapter IV) was measured as 0.8 £ 0.1 ms, which is slightly shorter
compared to the solution state. The likely cause of this was a higher concentration of EuL" in
PMMA (~650uM) compared to solution (~1uM), resulting in NRR via concentration quenching,
where the energy can be transferred between the europium(lll) centres in proximity to one

another.

Stabilisation of the ICT state can also be evidenced by the positive solvatochromism observed
from the EuL' absorption spectra in solvents with increasing polarity and H-bond donating
capabilities (Figure 3.3.D). Importantly, no significant dependence of the EuL' emission
spectral shape on the solvent was observed (Figure 3.3.E), including solid-state PMMA film.
The emission spectral profile remained the same while the relative intensity of the emission
bands in the AJ = 2 slightly changed in different solvents. This was the opposite to what was

observed for EuL®, where the relative intensities and positions of the bands within the AJ = 2
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and 4 emission manifolds significantly differed between the measurements performed in
MeOH and MeCN. As previously mentioned, this poses a disadvantage for the use in security
tagging where the emission properties would not remain consistent across different host
materials, requiring additional optimisation every time. In the case of EuL’, the total emission
profile essentially remained constant in different host materials, improving the versatility of

such security ink.

Similarly to EuL?, the environmentally ‘hypersensitive’ AJ = 2 emission manifold appeared as
3 bands (Figure 3.3.F), where the central band appeared significantly lower intensity

compared to EulL".

The 2PE spectrum of EuL? (Figure 3.4.A) produced a narrow hypsochromically shifted band
when compared against the 1PE spectrum. As previously mentioned, the blue shift of the band
is a result of the nonlinear effect of the non-degenerate photons in 2PE, while narrower band
results from the quadratic relationship between the intensity of 2PE and triggering of the
emission event.?’ Similarly to EuL®, 2PE spectrum of EuL' demonstrated two peaks at 700
and 720 nm that could correspond to population of S; and the ICT states of the
arylalkynylpyridine chromophore respectively. The plot of the integrated emission intensity
against the laser power (Figure 3.4.B) on a logarithmic scale produced a slope of 2.0,
confirming the 2PE, since the excitation rate scales as the square of the laser power at a
constant beam area. 2PE cross-section (0?) of EuL' was calculated as 308 GM at 700 nm

using RhB as a reference (0% = 240 at Azpe = 700 nm).””
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Figure 3.4: A: Normalised absorption (solid black) and 2PE (red spheres, Aem = 614 nm) spectra of EuL'in MeCN.
B: Plot of integrated emission intensity at 614 nm against the excitation source power (Aexc = 700 nm) on a
logarithmic scale.
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lll.4. Chiral separation of the EuL'

Since it was not possible to accurately predict which combination of a chiral stationary phase
and mobile phase would provide the best separation of A- and A-EuL' in a time and cost
efficient manner (initially available CHIRALPAK IC and ID did not result in separation of
enantiomers), the method development was performed by Daicel, the manufacturer of
CHIRALPAK chiral columns. A racemic mixture of EuL'was tested against the commercially

available range of the HPLC columns based on amylose and cellulose (Figure 3.5).
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Figure 3.5: The structures of the chiral stationary phases of the CHIRALPAK columns which were tested against
separation of A- and A-EuL' with the columns providing the optimal separation in green boxes.

As a result, the CHIRALPAK IE and /B N-5 columns (Figure 3.5 — green boxes) provided the
best separation with 35 minutes and 4 minutes retention time difference of the two

enantiomers respectively (Figure 3.6).
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Figure 3.6: Chiral HPLC ACs (at 360 nm) for the chiral separation of the EuL' enantiomers using CHIRALPAK IE
(top) and IB N-5 (bottom) (solvent: EtOH/MeOH/TEA/TFA at 50/50/0.5/0.3, injection: 10 uL of ~0.5 mg ml" in
MeOH, 2 ml min'). Performed by Dr. Aileen Congreve.
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The method required triethylamine (TEA) and trifluoroacetic acid (TFA) additives in the mobile
phase for ion-pairing. Therefore, the obtained samples of A- and A-EuL' were isolated from
the additive using reverse-phase HPLC (C+s, Method A, Section V.II). TFA and TEA could not
be removed by heating the enantiopure samples under reduced pressure as this posed a risk
of racemisation. The two chiral columns resulted in the enantiomers eluting in a different order
(Figure 3.6). As expected, the racemic EuL' sample contained only two enantiomers. Similarly
to EuL?, the chirality of the enantiomers was assigned based on the relative sign of the bands

on the CPL spectra, using a previously reported isostructural material as a reference.*®

lll.5. Investigation of EuL' CPL properties

Similarly to EuL?, the CPL spectra of A-EuL'and A-EuL'are mirror images with the opposite
sign (Figure 3.7.A). The spectra were recorded in a range of different solvents (Figure 3.7.C)
and as a PMMA film, where no dependence of the spectral shape on the solvent properties
was observed. This suggested that EuL' is a more versatile security ink than EuL® since it can
be used in a wide range of host materials without changing its luminescent properties. The
observed gum slightly varied (£0.07) in different solvents (Figure 3.7.D) which could be mostly

related to a change in signal to noise ratio with variation in total emission intensity.

In contrast to the previously reported CPL spectra of various phosphinate donor
complexes,*:%65982 the AJ = 2 band produced a stronger than AJ = 1 CPL signal with a
significant sign retention (Figure 3.7.A). This resulted in the peak CPL intensity of the AJ = 2
(at 615 nm) around 2.5 times higher than that of AJ = 1 (at 594 nm). The only example with
such strongly CPL-active monosign AJ = 2 band was Eu:BPEPC, a commonly known CPL-
standard.® Similarly to EuL?, the whole AJ = 1 manifold (588-605 nm) of EuL' was single sign,
producing the highest gium values of +0.30 (at 597 nm) and +0.29 (at 601 nm) for A-EuL' and
-0.29 (at 597 nm) and -0.29 (at 601 nm) for A-EuL" (Figure 3.7). Such outstanding gium values
of EuL' were higher than those of most other reported europium(lll) complexes including
EuL?®, which produced a lower gium of £0.21 (at 599 nm). Although there are few examples
reporting gum values higher than 0.30 for the AJ = 1 transition, they often have significantly
lower values of @ and ¢, resulting in overall lower CPB;that limits their security application.3*
For example, one material demonstrated the gum values of £0.33 (at 600 nm) but a relatively
low @ of 11%.85 Another example reported similar gum values of +0.298 and -0.294 but much
lower € (23000 mol™* dm®* cm™) and @ (11%).2° The material (Cs[Eu(+)-(hfbc)s ) with the highest
ever reported gum of 1.38 (at 595 nm) also has a significantly lower & (35000 mol™' dm3 cm™)
and @ (3 %).*" This, again, highlights the superiority of CPB;and CPBe over gium to assess the

performance of the CPL emitters for practical applications.
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Figure 3.7. A: CPL spectra of A- (blue) and A-EuL' (red) (with peak gum values stated) in MeCN (Aexc = 365 nm, 5
avg.) and the corresponding gum plots (B) with the relevant BPFs A regions (orange and red) shown and their Xgium
shown; C: Normalised CPL spectra of A-EuLin different solvents and solid-state PMMA film; D: gium plots for the
CPL spectra of A-EuL'in different solvents.

Half of the AJ = 2 manifold (606-618 nm) contained a strong single sign band with the highest
gum values of -0.071 (at 607.5 nm) for A-EuL' and +0.071 (at 607 nm) for A-EuL". This is more
than double the maximal gium produced by AJ = 2 in EuL® (+0.025 at 608.5 nm and -0.028 at
609 nm in MeCN). Overall, EuL'is the third best in terms of literature reported gium for AJ = 2
after the previously mentioned Cs[Eu(+)-(hfbc)s] producing gium of 0.25 (at 614 nm) and another
material with 0.11 at (616 nm).*"# The latter also has significantly lower values of & (55000
mol™' dm? cm™) and @ (11%) which reduces the CPB;

To access and compare the CPL performance of EuL', the CPB; was calculated for both
AJ = 1 and AJ = 2 transitions (Table 3.1). Similarly to the calculations for EuL®, B; was
calculated for the 585-605 and 605-630 wavelength regions as 5.4% and 80% respectively,
even though AJ = 2 did not remain single sign throughout the whole manifold. As a result, the
maximal CPB; for AJ = 1 and AJ = 2 was calculated as 307 (at 596 nm) and 984 (at 607 nm)
mol" dm3 cm™ respectively. This puts CPB;of EuL'above the average for both AJ =1 and AJ

= 2 (287 and 69 mol”' dm® cm respectively) in previously reported europium(lll) complexes.*
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Table 3.1: CPB;and CPBr calculation for the AJ = 1 and AJ = 2 and BP594/10 and BP610/10 A regions.

CPBF
Trans. | i CPB; Filter A 8 /M cm”’
Trans. | Arange /o/; Igium| IM-1 range /0/’: XQGum % inc.
/nm cm-’ /nm EuL' | comp.
to EuL®
AJ=1|585:605 | 5.9 | 0.30 | 307 o 53| 022 | 202 | 159%
605-630 | 80 984 605-
AJ=2 0.071 615 33 [ 0.033 | 189 656%
605-618 | 48 590

EuL' is the third best in terms of the CPB; for AJ = 1 after the recently reported tetrahedral
EusL4(L")s cages with CPB; of 3240 and 1122 M" cm™".3° On the other hand, CPB; for the AJ =
2 transition in these materials was not reported. The unprecedented CPB; of 984 M-' cm™ (at
607 nm) produced by the AJ = 2 of EuL'is the highest ever reported to the knowledge of the
author with the second best producing more than four times lower value of 213 M" cm™.83 The
CPB, calculation for the AJ = 2 transition used a branching factor for the whole transition, even
though it's not completely single sign. In order to make a more accurate representation of the
AJ = 2 CPB, it was recalculated using G;of 48% for the 605-618 nm wavelength region where
the CPL sign is conserved. This gave a value of 590 M' cm™, which was still the highest

reported for the AJ = 2 transition.

In order to assess the applicability of EuL' for the use in security tags authenticated by CPLP,
CPBkr values for the single-sign regions of AJ = 1 and AJ = 2 selected by the BPF594/10 and
BPF610/10 were determined (Table 3.1). Similarly to the calculations for EuL®, Xxgium and B¢
were determined for the wavelength regions selected by the BPFs. As a result, the calculated
values of CPB:for AJ =1 and AJ =2 transitions were similar (202 and 189 M-' cm™"), suggesting
that both transitions could be simultaneously used for CPLP. The obtained CPBk values were
significantly higher compared to EuL?®, with the CPBk increase of 159% for AJ = 1 and 656%
for AJ = 2. Most importantly, these values would also remain the same in different host
materials due to conservation of the relative intensity and spectral shape of CPL in different

solvents as well as nearly identical associated gum plots, which was not the case for EuL?®.
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Ill.6. Racemisation study of EuL'

Strong CPL signal requires enantiopurity of the measured sample, since racemic mixtures
produce CPL signal of opposing helicity, resulting in self-cancellation. Therefore, for a material
to maintain its CPL properties over time, it must be stable towards racemisation, the rate of
which is temperature dependent. This is particularly important for a security ink, since it must
produce a consistent CPL signal over prolonged periods of time. For instance, British
passports are valid for 10 years after issue, and, therefore, the embedded security features
they contain must be robust and stable. For optimal authentication of the EuL' containing
security ink, it needs to be resistant towards racemisation at rt over prolonged periods of time
and during short exposures to high temperature such as 150°C that is commonly used during
document lamination.?25® Therefore, stability of the enantiomers of EuL' towards racemisation
was investigated in solution state at both rt (25 °C) and elevated 60 °C (for example, high-
temperature laundry cycle) to determine the racemisation half-life (z12). Racemisation 12 in
solid state material such as PMMA was the expected to be longer due an increased

racemisation energy barrier provided by the lower mobility state.

Racemisation of EuL' was monitored by CPL-spectroscopy using gim as the main variable.
This was used to establish when racemisation resulted in a detectable amount of a newly
formed enantiomer, at which point a solution sample was taken for further analysis by chiral
HPLC. Integration under the retention peaks areas was used to precisely determine the
relative amounts of each enantiomer in the mixture to calculate racemisation z1.. For example,
when racemisation of the enantiopure sample with 100 % enantiomeric excess of the A
enantiomer is considered, an equilibrium is established:

A< p [13]

Ky
where the rates of interconversion for each enantiomer are assumed to be equal (k1 = k.1 = k).

Therefore, the rate expression for the racemisation can be written as

—d[A]
dt

= k[A] = k[4] = k([A] = [4D) [14]

Since [4] = [A], — [A], integration of the rate equation gives

[4] 1 t
f[A]O—Z[A]—[A]o d[4] =ft —kdt [16]

0

In(2[A] — [4]p) — In(2[A]y — [A]o)
2

= —kt [17]
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[A]o _
In (m) = 2kt [18]

[4]o
2[A]-[4]o

which allows for determination of 2k by taking gradient of the plot of ln( ) against t.

The half-life for racemisation (z12) is a time during which the enantiomeric excess of 50% is
reached, which can be interpreted as a mixture containing 75% of the starting enantiomer and
25% of the other enantiomer which was formed by interconversion. Substitution of 1 and 0.75
into [A], and [A] respectively gives equation for the relationship between the experimentally

obtained 2k and ..

2kT1/2 =In (m) = In2 [19]
In2
T1/2 = 2k [20]

As mentioned earlier, racemisation was initially monitored by CPL spectroscopy using the
Xgum values for the single-sign regions of both AJ =1 (585 - 605 nm) and AJ =2 (605.5 — 618
nm) transitions (Figure 3.8). The rt racemisation experiment was performed for both A-EulL’
and A-EuL'in MeCN at ~4uM concentration. After stirring both solutions for a total of 336
hours, no significant change in the magnitude of Xgum of either AJ =1 or AJ = 2 (Figure 3.8).
The enantiopurity was also confirmed by chiral HPLC (CHIRALPAK IE) where only one

enantiomer retained before and after the experiment.
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Figure 3.8: CPL spectrum of EuL' in MeCN with the selected single CPL sign regions for the Xgum calculations
(left); xgum values for the single-sign regions of the AJ =1 (5685 - 605 nm, orange) and AJ =2 (605.5 — 618 nm, red)
transitions of A-EuL' (squares) and A-EuL (triangles) after stirring in MeCN at rt.
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The experiment was then repeated at 60°C where the samples were collected every 25 hours
for the total of 200 hours for the chiral HPLC analysis. The ratio of the integrated peak
intensities was used in calculations (Equation 18) as they were equivalent to their
concentration ratio due to the same €. The resulting plot (Figure 3.10 left plot — purple line)
produced the gradient of 0.0018(2) which was used to calculate (Equation 11) the 712 as
195 + 22 hours. This is almost double than 99 + 1 hours previously reported for EulL?
carboxylate complex without extended chromophores and similar to the previously reported

180 * 10 hours for the isostructural methylphosphinate donor containing EuL® (Figure 3.9).56:%°

EulL? EuLP EulL’
R R
=
~ | o = Z | ~
N

o X HE | d |
~ A
P R R
M/\\O e}
99 +1 hrs 180 £ 10 hrs 195+ 22 hrs

Figure 3.9: The structures of arylalkynyl-free carboxylate EuL? (left), methylphosphinate EuL® (middle) and EuL
complexes and their reported racemisation half-life.

In contrast to that, no racemisation of EuL® was observed in the previous work after heating
at 60°C in MeOH for 3 weeks. Such dependence of racemisation 712 on structure agrees with
the racemisation mechanism that requires simultaneous inversion of the chiral phosphorus
centre as well as inversion of the TACN ring and rotation of the sensitising chromophores. As
a result, bulky donor groups and extended chromophores result in an increased racemisation
energy barrier, increasing the 712. When comparing EuL' to EuL®, which are only different in
terms of the donor groups, a similar 712 could be a result of a combination of two factors: steric
bulk of the donor (phenylphosphinate is bulkier than carboxylate) and the strength of

coordination to europium(lll) (bidentate carboxylate binds stronger).

The study also compared EuL' racemisation 71,2 in a range of solvents of increasing polarity:
isopropanol (2-PrOH), MeOH, MeCN, NMP and dimethyl sulfoxide (DMSO). The experiment
was also repeated in deuterated MeOD to investigate the effect of hydrogen bonding.
Excessive solubility of EuL'in NMP and DMSO resulted in nearly immediate elution of both
enantiomers with no chiral resolution. From the chiral HPLC analysis of EuL' solutions in 2-
PrOH, MeOH and MeCN, an inverse dependence of racemisation on increasing solvent
polarity was observed (Figure 3.10 - left). The calculated racemisation 712, was 14 £ 2 and 48
+ 4 hours in 2-PrOH and MeOH respectively, which is significantly lower than 195 + 22 hours
in MeCN.
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To compare the racemisation of EuL' in the above-mentioned solvents to more polar NMP
and DMSO where the chiral HPLC experiment failed, CPL spectra were recorded for the
heated EuL' solutions after 142, 190 and 259 hours and the Xgium of the AJ =1 (585-605 nm)
compared (Figure 3.10 - right).
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Figure 3.10: In([Ao)/(2[A]-[/o]) against heating time at 60 °C in MeCN (purple), MeOH (red), MeOD (grey) and
2-PrOH (blue) with obtained gradients (2k) and calculated racemisation z1/2. (left); Xgum values for AJ =1 (585 - 605
nm) of EuL! after stirring at 60 °C in NMP (black), MeCN (purple), DMSO (pink), MeOH (red).

During the 259 hours at 60 °C the enantiopure sample of EuL' fully racemised in less polar
MeOH while remained essentially enantiopure (based on gium) in more polar MeCN, NMP and
DMSO. This correlates with the previously observed inverse dependence of racemisation rate

on solvent polarity.

When comparing the 71> data recorded in alcohols, the racemisation 71,2 could be correlated
with the hydrogen bonding ability of the solvents, where MeOH is a better hydrogen bond
donor than 2-PrOH due to a more electron donating isopropyl group. However, repeating the
experiment in MeOD resulted in a slightly shorter racemisation 71,2 (35 £ 3 hours) compared to
that in MeOH (48 + 4 hours). This isolated the effect of solvent H-bonding on the racemisation
712 sSince MeOH and MeOD have a similar polarity, while MeOD is a worse H-bond donor due
to a shorter O-D bond compared to the O-H. This demonstrated that hydrogen bonding

reduced the rate of EuL' racemisation.

Overall, both high polarity and strong H-bonding reduced the rate of racemisation. This
observation agreed with the racemisation mechanism that requires rotation of the
chromophores. Since the chromophores are polar, they can experience orientation dependent
dipole-dipole interactions with polar solvent molecules. Such interaction adds to the
racemisation activation energy barrier, since it gets disturbed when the chromophores are
rotated. The same principle applies to the H-bonding dependence, where the carboxylate
oxygens and pyridyl nitrogens can behave as H-bond acceptors. Since H-bonds prefer linear
orientation, rotation of the chromophores would disturb the H-bonds and, again, increase the

racemisation energy barrier.
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Overall, the established stability of the EuL' towards racemisation at 60 °C in solution with
polar solvents suggested that it would not significantly racemise during short-term exposure
to 150 °C lamination temperature (1 cm per second) in a polar solid-state PMMA film due to a
relatively high racemisation energy barrier. No racemisation at rt in solution state is

advantageous for application of EuL' for a CPL tag with a long ‘shelf life’.

IIl.7. Discussion and Future work

A novel bright CPL-active quasi-Cs symmetric EuL' complex containing all carboxylate donor
groups was prepared, chirally separated and photophysically characterised. EuL' was
exceptionally bright (B = 34650 M"' cm™) due to high values of ® (45 %) and ¢ (77000 M-
cm™) while its near 365 nm maximal absorbance suggested optimal excitation by commercially
available 365 nm UV LEDs. Invisible to the unaided naked eye, their large pseudo-Stokes shift
allowed for absorption in the UV and emission in the visible light regions. Emission lifetime on
the millisecond time scale allows for temporal separation by time gating out nanosecond time-
scale emission of the applied organic dyes. Both AJ = 1 and AJ = 2 transitions demonstrated
strong monosign CPL with CPB; values of 307 mol' cm™ at 596 nm and 984 mol' cm™ at 607
nm respectively, rendering it to be the best known candidate for a CPL security ink so far. The
CPBrwas also calculated for the single-sign spectral regions selected by the BPF594/10 (594
+ 5 nm) and BPF610/10 (610 + 5 nm) to confirm the suitability of both transitions for
authentication by CPLP. No racemisation of an enantiopure sample of EuL' was observed in
MeCN at rt, while the racemisation 712 0f 195 + 22 hours was recorded at 60°C. This suggested
an optimal stability of EuL' towards racemisation that is likely to be sufficient for the application
in CSTs that maintain their CPL security features over prolonged periods of time with

occasional exposures to higher temperatures.

The only structural modification that was made to EulL® to produce EuL' was the
phenylphosphinate donor replacement with the carboxylate donor. Such modification
significantly improved the photophysical properties (Table 3.2), creating a promising security
ink candidate. Not only EuL' is brighter than EuL?’, but also it is more CPL active with
significantly higher values of gium for both AJ = 1 and AJ = 2 transitions. This could be attributed
to a poorer overlap between the europium(lll) f orbitals and the orbitals of carboxylate donor
due to its trigonal planar geometry, as opposed to pseudo-tetrahedral geometry of the
phenylphosphinate donor. This reduced the strength of the CF experienced by europium(lIl),
resulting in a lower extent of the MD moment quenching that contributes to the rotatory

strength.
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Table 3.2: Comparison of the key photophysical properties and racemisation of EuL® and EuL" in MeCN.

Parameter EulL? EuL’ % increase
Amax /nm 356 nm 358 nm -
e/ M*'cm™ 60000 77000 28%
P 0.36 0.45 25%
B/M'cm’ 22000 34650 58%
T 1.3£0.1ms 1.0£0.1ms -30%
o2 /GM 132 (at 720 nm) | 308 (at 700 nm) 133%
AJ=1 0.21 0.30 43%
ma |Gl AJ=2 0.028 0.071 154%
CPB AJ=1 166 307 85%
/M em” AJ=2 218 984 351%
CPB: BP594/10 78 202 159%
/MTem™ | BP610/10 25 189 656%
Racemisation r.t. unknown unknown -
T2 60°C unknown 195 £ 22 hrs -

The main drawback of such modification was a decrease in racemisation energy barrier that
was provided by a bulky phenyl group. Although there is no direct evidence that racemisation
stability of EuL' was insufficient for its potential application, a further structural modification
could be implemented to increase the racemisation energy barrier. The idea of attaching a
bulky phenyl group near the TACN ring to limit its inversion was adopted from EuL?®. Since the
carboxylate donor carbon cannot be functionalised, the pyridine nitrogen a-carbon on the
chromophore can be functionalised instead with the phenyl group (Figure 3.11). As a result,
the phenyl group would create the steric bulk necessary to prevent the simultaneous TACN
ring inversion and chromophore arm rotation, while potentially not affecting the CF

experienced by europium(lIl) centre.

To achieve such functionalisation, one of the esters of 12 can be reduced to an aldehyde
rather than alcohol (Figure 3.11). This would allow to attach a phenyl group to the carbonyl
carbon using, for instance, phenyl magnesium bromide Grignard reagent. Such nucleophilic
attack is not stereoselective since the sp?— hybridised aldehyde carbon can be approached
equally from both sides to result in a chiral centre. As a result, the chromophore would be
obtained as a racemic mixture of S and R enantiomers. The enantiomers must be separated
before they undergo alkylation, since complexation to europium(lll) would only be achieved if
the TACN containing macrocyclic ligand has the same stereochemistry on all three
chromophores. Since alkylation of mesylated chromophores would likely proceed via the Sn2

mechanism with inversion of stereochemistry, the S chromophore would give the RRR ligand
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and vice versa. The final complexation step would also be stereospecific (RRR to give A, SSS
- /) due to the steric bulk of the phenyl groups that are set to point away from the carboxylate

donor groups.
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Figure 3.11: Synthetic sequence proposal towards a phenyl-functionalised EuL.

The same strategy of chirality transfer from a chiral ligand to the resulting complex was
recently demonstrated in the previously mentioned example (Section 1.12) using enantiopure
(S, S) and (R, R) pda ligands that resulted in complexation with A and A chirality respectively
(Figure 3.12).*® The resulting europium(lll) complexes demonstrated a relatively high gium of
10.3 for the AJ = 2 transition in both solution and sold state (single layer of crystals confirmed
by LSCM).
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Figure 3.12: Structures of chiral pda ligands (A) and the resulting europium (lll) complexes (B) with their solid-
state film CPL spectra shown (Aexc = 325 nm, 50 averages) (C) (adapted from Caffrey et al.).*®
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CHAPTER IV. The design and development of a thin film-based

chameleon security tag

IV.1. Introduction to the chameleon security tag host material requirements

The overall target of this project was a development of a CPL security ink that can be
incorporated into a tag that combines already existing security features (spatial, chromatic,
spectral) with the newly proposed (temporal and CPL) to create a multi-layer security
chameleon security tag (CST) that can be authenticated using the newly developed CPLP
camera.*” Such tag must be compatible with the existing items that require anti-counterfeiting,
for example, banknotes, identification and other sensitive documents, certificates, military,
medical and possibly other consumer goods where anti-counterfeiting features are necessary

to prevent profit losses, fraud and even human deaths.*

As it was discussed earlier, the modern identification documents and banknotes are made of
polymeric materials that provide mechanical durability and water resistance. Therefore, for a
material to be considered a practically applicable security ink, it must be compatible with
materials of the current trade. In other words, the security ink must maintain its photophysical
properties in polymeric host materials. For example, the host must not create NRR pathways
for luminescence quenching of the guest material. This could occur, for instance, via positive
solvatochromism that would over-stabilise the ICT state which could result in a dramatically
increased rate of BET. Luminescence quenching by the host material that would significantly
reduce the @ and therefore CPB. Another factor to consider is the interaction of the host
material with europium(lll) coordination environment which can lead to the undesired

decrease in MD moment and therefore the magnitude of gium.

For the optimal real-world security performance, the host polymer must be durable,
transparent, low absorbing in UV region, non-luminescent, colourless, soluble in the same
solvent with the guest species, insoluble in water and resistant to lamination temperatures
(~150 °C). In addition to that, the host must be suitable for preparation of a smooth film with
uniform thickness that can be used in CST. The smooth surface is necessary to minimise
scattering of the emitted light that would cause randomisation of the CPL signal. The uniform
thickness provides consistent distribution of the light-emitting species for elimination of the
areas with different emission intensity that can either fall below the detection limit or
oversaturate the detector. In addition, variation in thickness leads to a variation in signal to
noise ratio which can compromise the authentication precision. Therefore, solid-state

polymeric thin films were chosen as an optimal starting point in development of the CST.
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IV.2. Development of the reproducible method for thin film fabrication

To reliably study the performance of the prepared security inks in the context of a CST, a
reproducible thin-film preparation method was developed. Importantly, a method of controlling
film thickness was established as it might be necessary for adaptations of CST to fulfil the

potential future requirements for commercialisation.

PMMA was chosen as host material for the CSTs due to its successful

application in security tags in previous work.?>4” PMMA is a polyacrylic ester @) O
(Figure 4.1) that has found a wide application in many fields due to its

transparency, light weight and low cost. For example, PMMA is often used

as a glass substitute in optical devices, including optical lenses, gratings

and waveguides.?®® Due to a necessity to produce polymer fiims doped n
with emissive materials, solution coating method was exploited. There are Figure 4.1: PMMA.
multiple solution coating methods such as dip coating (dipping substrate into the solution),
slot-die coating (direct coating of a moving substrate through a coating ‘head’), blade coating
(a blade moves at a small distance from a substrate containing solution).®® In this work, spin
coating method was used due to uniformity of the films, wide range of achievable thicknesses,
fast drying time and cost effectiveness (no heating required).®° In spin coating, a polymer
solution is dispensed onto a flat substrate prior or during its rotation at frequencies of
thousands of rotations per minute (rpm). Rotation of the substrate forces the solution to evenly
distribute across the substrate under the influence of centripetal force, which is proportional to
rotational frequency. Variable parameters that affect the thickness and homogeneity of the
film include PMMA molecular weight concentration of the polymer solution, boiling point of the
solvent, the dispensed solution volume, rotational frequency and rotational time. Therefore,
the development of a reproducible spin-coating method required keeping certain parameters

fixed while varying the others in a trial-and-error study.

In this work, the solution is dispensed on the substrate that is rotating at different frequencies
(7000-12000 rpm). DCM with a relatively low boiling point of 39.6 °C that was exploited due
to its fast evaporation from the substrate. This avoided the need for post-annealing of the films
to evaporate residual solvent with higher boiling points such as chlorobenzene (132 °C).%°
Although very short spinning times could be used due to rapid evaporation of DCM (visually
complete few seconds after deposition), the spinning time was kept at constant 40 seconds.
The size and material of the substrate was also kept constant. The substrate was regular
microscope slides were cut into rectangular pieces (1.5 x 1.0 cm) with a surface area of 1.5
cm?. A low weight average molecular weight (~15 kDa) PMMA was used to aim for the 50-
1000 nm film thickness. The PMMA solution was mixed with RhB that gave the films purple

colour for a convenient visual control of the film uniformity.
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The variation in dispensed solution volume was optimised so that it is sufficient to cover most
of the substrate surface. At the same time, the volume should not be excessive to minimise
the waste, since the excess solution is sheared from the substrate during spinning. The
studied dispensing volumes ranged from 5 to 30 pL, where 10 pL resulted in the highest
success rate of producing smooth films (Figure 4.2.A) across the studied range of PMMA
solution concentration, while the volumes above that often caused a multi-layered film (Figure

4.2.B). Therefore, 10 uL dispensing volume was kept constant for further optimisation of other

parameters
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Figure 4.2: Photographs of RhB doped spin-coated PMMA films on a glass substrate where the quality of the

produced films was studied in terms of dispensing volume: 10 L (A) and 20 uL (B); excessive PMMA concentration

[~150 mg mL™"] (C) and rotational frequency (D) (PMMA concentration in DCM = 140 mg mL™"in A, B and D); as

well as the plot of the film thickness against rotational frequency of the spin-coater stage at different PMMA

concentrations in DCM.

The two main variables affecting the film thickness were PMMA solution concentration and
rotational frequency. While the solution concentration was a dominating factor affecting the
film thickness, rotational frequency altered it to a significantly lower extent and therefore could

be used for fine thickness adjustments.

At first, very dilute solutions of PMMA in DCM were used for spin coating to explore the film
thickness dependence on concentration. Film thickness measurements were performed using
atomic force microscopy (AFM) discussed in the following section (Section IV.3). The PMMA
concentrations from 16 to 140 mg mL™" were explored, where 16 mg mL™ resulted in the
thickness range of ~40 to ~60 nanometres, 20 mg mL-" gave ~60 to ~100 nm, while 140 mg
mL" produced thicker films with a greater range of thickness between ~650 and ~850 nm
(Figure 4.2.E). The higher concentrations of PMMA up to 300 mg mL"" were also explored;
however, above 140 mg mL", the quality of the films considerably decreased, thickness
uniformity was lost, and surface coverage was not consistent, for example, an uncoated
surface area was often observed in the centre where the solution was dispensed (Figure
4.2.C). This was attributed to insufficient shear due to excessive viscosity of the resulting spin-

coating solution.

Rotational frequency variation study was performed for further optimisation of the fabrication

procedure, where it was established that optimal surface coverage at 140 mg mL"' PMMA
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concentration required a 7000-12000 rpm frequency regime (Figure 4.2.D) Film thickness
dependence on the rotational frequency was more significant at high PMMA concentrations,

with faster spinning producing thinner films.

IV.3. Film thickness determination using atomic force microscopy

AFM is a technique of nanoscale surface morphology determination based on intermolecular
forces including adhesion strength, magnetic forces and mechanical properties. Atomic force
microscope (Figure 4.3.A) consists of a sharp tip that is around 10-20 nm in diameter which
declares the resolution of surface imaging. The tip is attached to a cantilever that contains a
light reflective surface. Both tip and cantilever are made of silicon or silicon nitride. During
imaging, a laser beam is aimed at the surface of the cantilever, from which its reflected onto
a position-sensitive photo detector containing four sections. The position of the reflected laser

beam is then calculated as the difference between the intensities detected by each of the four

segments.
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Figure 4.3 A: Standard AFM set-up. B: Lennard-Jones potential (V.y) and its components with highlighted regions
relevant for the three main AFM modes (both adapted from Kaman (2020)).%°

A combination of distance-dependent attractive and repulsive forces acts on the tip as it moves
along the sample surface in proximity (in practice the substrate moves). These forces can be
summarised using the Lennard-Jones potential (Figure 4.3.B). At long distances (>1 nm)
between the tip and the surface, the attractive van der Waal's forces are dominant (r -6 distance
dependence). When the tip approaches the surface closer, Pauli-repulsion (two electrons can’t
occupy the same quantum state) interactions rapidly increase and become dominant (r -2
distance dependence). Combination of the two forces produces a Lennard Jones potential
energy (V(r)) curve that is a function of distance between the tip and the surface (Equation
21), where o is van der Waals radius (minimal distance between the two particles non-
interacting particles), k is a constant that measures force of attraction between the species
(potential well depth).

o\ 12 g 6
V(r) = 4k [(;) - (—) ] [21]

r
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Since most surfaces are not perfectly flat on the atomic scale, the distance between the tip
and the surface (z) is a function of the tip position (xy). As a result, surface features cause
variation in z that disturbs the equilibrium of the attractive and repulsive forces, causing
oscillations of the cantilever. These oscillations are then detected using the reflected laser
beam and converted into z-contrast images of the surface. A typical maximal surface area

covered in a single scan is 100 x 100 pm.

There are three most common AFM modes: contact, tapping and non-contact, which operate
at different distances between the tip and the surface. The choice of the AFM mode depends
on the surface roughness. In this work, contact mode operating in repulsive force regime was
used due to a relatively smooth surface of the film. Contact mode creates a direct contact of

the tip with the surface and therefore provides a better resolution.

To determine the thickness of the film, three equally distributed cuts were made across the
film surface (Figure 4.4.A) using a scalpel in a single swing to minimise tearing of the film

resulting in jagged edges near the cut.

T2 40 60 s 100 0 20 40 60 80 100 ) 20 40 60 80 100
um um um

Figure 4.4. A: Cropped photo of three cuts made on spin-coated PMMA film. B: AFM images of the film surface
centred at the cuts with coloured-coded depth profile (darker = further away). C: Depth profiles with calculated
differences between the height of a glass substrate and film surface to determine film thickness.

Since PMMA is softer than glass, no damage to the glass was made when applying a relatively
weak force to cut the film, allowing for an accurate determination of the thickness profile. Each
of the three cuts was then imaged using AFM (Figure 4.4.B), centring the scan area on the cut
in order to cover both the film and PMMA-free area of the glass. This was repeated for each

prepared film, with the thicknesses expressed as an average of the three cuts. Average
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deviation of thickness across the length of the measured films was ~5%, for example, ~40 nm
for the ~700-800 nm films. There was no observed corelation between the relative position of
the cut (centre or edge) with respect to the substrate thickness. In other words, a possible
trend for the films, for example, to be consistently thicker on the edges than in the centre of

the substrate where the solution is dispensed, was not observed.

The next stage of the method development was aimed on determining the correlation between
the concentration of PMMA and film thickness. If there is a trend that can be expressed using
an equation, then any target film thickness can be achieved directly by simply using a
calculated concentration of PMMA, while keeping all other parameters kept constant.
Therefore, the thickness of the films prepared by spin coating at a fixed 8000 rpm frequency
was plotted against PMMA concentration of these solutions. As a result, a linear dependence
(Figure 4.5.A) was established, which was believed to hold for the PMMA concentrations
between 16 and 300 mg mL™".
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Figure 4.5. A: At 8000 rpm spin-coated film thickness against PMMA concentration plot with linear fit and the
corresponding equation with the errors reported; The depth profile (B) and the corresponding AFM image (C) of an
incision on a spin-coated PMMA film using the calculated 44 mg ml-' [PMMA] for a target 200 nm thickness.

The obtained equation was used to prepare a test 200 nm thick film using a calculated
concentration of 44 mg mL™". As a result, the obtained film thickness was measured as 210
nm which deviated by only 5% from the target thickness (Figure 4.5.B and C). This was within
the average thickness deviation observed previously for the films that were consecutively spin-

coated using the same stock solution and all other parameters fixed.

As a result, a reproducible method of spin-coating PMMA films with uniform thickness in the
range of ~50-1000 nm was developed. In the next step of the CST development, the PMMA
films contained the enantiomers of EuL® and EuL' instead of RhB. This allowed to test the
CPL security performance of the prepared materials in a close-to real life scenario, where the

security ink is placed in a polymeric host material.
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IV.4. Preparation of the EuL? and EuL' containing PMMA thin films

From the optimisation study it was established that at the same RhB concentration, the thicker
films provided a brighter emission compared to thinner films. On the other hand, thinner films
appeared more uniform, contained less artifacts and gave a lower rate of defective films during
spin coating. In addition, thinner films, when spin-coated on a flexible substrate, were less
likely to crack during substrate deformation. Importantly, thinner films decreased the
probability of internal reflection of the emitted light that would lead to CPL randomisation and
diminishing of chiral contrast. As a result, 200 nm film thickness was chosen as a starting point
for the CST.

To calculate the concentration of EuL'in PMMA film required to produce a sufficient emission
intensity for detection by the CPLP camera emission under PE with two 500w 365 nm LEDs,
a solution of EuL' in MeCN with 0.1 absorbance was taken as a reference. Since the path
length in 200 nm film is 2 x 10° shorter compared to that of a 1 cm cuvette, the required EuL'

concentration was calculated (Equation 22).

4 0.1
¢ T T 77000 cm-1M X 2 X 10-5cm

= 65 mM [22]

Since the required concentration of PMMA in DCM is 44 mg mL™", 0.5 ml of such spin coating
solution would require 22 mg of PMMA which would take up around 1.9 x 10°
dm (PMMA density 1.18 g cm). The mass of EuL" required for such solution could be then

calculated (Equation 23).

mass = n XM, =cVM, =65 x 1073M x 1.9 x 107°dm™3 x 1254.11 gmol™! = 1.5 mg [23]

Since 10 pl of the 0.5 ml solution (2% of total volume) was dispensed during spin coated at a
time, each individual film would then require 0.03 mg of EuL'. Such consumption of the
material is excessive since the implemented multistep synthesis currently yields the product
on the milligrams scale. This makes such security tag overly expensive for a wide commercial

application.

It was hypothesised that the emission of the EuL' in solid state PMMA film could be brighter
than in solution due to a reduced rate of photophysical quenching processes promoted by
molecular motion, for example, collisional quenching and vibrational quenching. Therefore, it
was proposed that a visible emission could be achieved by a film at a lower concentration than
that of a solution. The first test solution was prepared at 100 times lower concentration of EuL’
than calculated for a 0.1 abs solution in a ‘200 nm wide cuvette’. Since this would require a
mass of less than a milligram for such solution, the desired amount of EuL' was obtained by

preparing its stock solution with a calculated target absorbance and volume. The required
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amount of EuL'was calculated from its concentration of 0.65 mM in 1.9 x 10-°dm™ (22 mg) of
PMMA (Equation 24).

n=cV=0.65x103moldm3x1.9x107°>dm~3 = 12 nmol [24]

This can be then used to calculate the concentration and then target absorbance for a EuL’
solution of a given volume. For example, a 5 ml solution containing 12 nanomoles of EuL'
would have the concentration of 2.4 uM which can be used to calculate the desired

absorbance (Equation 25).

A=¢ecl=77000cm 1M x24x107®%x1cm=0.18 [25]

Once such 5 ml solution with 0.18 absorbance is prepared, the solvent can be evaporated and
the residual EuL' redissolved in 0.5 ml solution of 22 mg PMMA in DCM. Once the film was
prepared, it was found to produce visible emission under irradiation with a two 500 mW 365
nm LEDs. Based on the emission brightness of the film, it was evident that the concentration
of the EuL' could be reduced even further as part of future optimisation studies. The films

containing EuL® were prepared in the same way and using the same concentration of EuL®.

IV.5. Circularly polarised photography and enantioselective differential

contrast imaging method development for authentication of EuL® and EuL'

The CSTs containing enantiopure EuL' would be authenticated with the recently developed
CPL photography (CPLP) camera .’ Its working principle is based on precise alignment of a
QWP with 4 different orientations (0°, 45°, 90° and -45°) LPs covering an array of PDs. QWP
converts CPL into LPL with polarisation planes at 45° (R-CPL) and -45° (L-CPL) with respect
to the fast axis. This LPL then passes through the LPs before sensitising the underlying PDs.
This generates sensitivity of the camera towards the CPL sign where 4 simultaneously taken
images contain different information on chirality of the light emitted by the probe. For example,
if the QWP is aligned with the 45° polarisers, then 0° and 90° channels will be more sensitive
towards L-CPL (L image) and R-CPL (R image) respectively while 45° and -45° will each
contain half of the total emitted light intensity. For example, an image containing A- and A-
EuL' as well as their racemic mixture in three separate containers (Figure 4.6.A) will all
produce the same intensity in +45° and -45° channels, as these correspond to half of total
intensity (1/2TE) (Figure 4.6.C). On the contrary, only racemic sample will produce the same
intensity in the polarisation sensitive 0° and 90° channels (Figure 4.6.C), since it will emit equal
amounts of L- and R-CPL. The use of BPF594/10 selects the AJ=1 emission band, which has
a positive CPL sign (L-CPL) for A-EuL' and negative sign (R-CPL) for A-EuL' (Figure 4.6.A).
Therefore, the relative emission intensity from the two enantiomers will be different in the 0°
and 90° channels: A-EuL' will appear brighter in the 0° L-CPL channel and A-EuL' - in the
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90° R-CPL (Figure 4.6.C). In order to isolate exclusively L- or R-CPL signal, image subtraction

is necessary, the procedure of which was previously reported as enantioselective differential

chiral contrast (EDCC).%
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Figure 4.6. A: Photograph of A, A and racemic solutions of EuL'in MeCN in three separate wells under the CPLP
camera with the 365 nm UV excitation light source on, with an insert of the AJ = 1 emission band and position of
the wells on the image; B: A scheme of one of the 4-pixel cluster with 4 orientations of LPs and channel assignment
shown; C: A scheme of a recorded (through the BPF594/10) 4-channel CPLP image with relative intensities of the
3 emitting species in each channel shown; D: EDCC processed image with relative intensities of the 3 emitting
species in each calculated image shown.
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For example, subtracting the R image from the L image will generate L-R image where only
the signal produced by A-EuL' will appear, while A-EuL' will show near zero intensity (Figure
4.6.D) (not zero due to directional light guided reflection). The opposite will occur when the L
image is subtracted from the R image. Limited by Fiji (version 1.53q) image processing
software,®’ image subtraction can’t result in negative intensity. For example, the R-L

calculation of the L-CPL emitting species will result in zero rather than negative value.

Therefore, for R-CPL-active probes the R-L image will be relevant. The total intensity can be
calculated by L+R and used to obtain the CPLP specific dissymmetry factor (gcpLr):

_ox (L—R)
gcpLp = (L +R)

[26]

Importantly, when R-L image was used in calculation, the gcrLp value must be multiplied by -1

to account for the negative CPL sign of R-CPL:

R—-L
JgepLp = —2 X ﬁ [27]

The choice of the correct formula is based on relative intensity of the L-R and R-L images,

where the brighter image is used, which can also be computer-automated if necessary.

In theory, gcrLr must correlate with gum due to a similar light polarisation information acquisition
principle between the CPLP camera and PEM CPL spectrometer. In a CPLP camera, the
QWP is fixed and orientations of the LP clusters are used to distinguish the L- and R-CPL,
whilst the conventional CPL spectrometer exploits a PEM that serves as a QWP with a variable

angular orientation in combination with a fixed LP.
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To check whether correlation between gcrir and gum is genuine, black, non-reflective, non-
emissive plastic containers (sample bottle caps) were filled with A-EuL', A-EuL' and racemic
EuL' solutions in MeCN of similar concentration and placed within a single frame for CPLP
and EDCC (Figure 4.7). The L+R, L-R and R-L calculated images were then used for gceLp
calculations. In contrast to measuring the intensity of the whole image, a specific ROl was
chosen to avoid the error associated with rough edges of the containers which is a source of

undesired reflections of the emitted light.

[o ]| [0 ]

Figure 4.7: 2 sets (using BPF594/10 and BPF610/10) of 4 CPLP images: (L+R, (L+R)-TE45%, L-R, R-L) of the A
(bottom left), A (bottom right) and racemic (R) (centre top) samples of EuL' under 365 nm excitation with the
regions of interest for gcrLp and their average intensities shown in yellow. Scale bar =5 mm. *TE45 image is a sum
of the two images generated from 45° and -45° channels that have no CPL sign preference (QWP aligned with 45°
polarisers) and record half of the total intensity each; subtraction of TE45 from (L+R) should theoretically produce
an image with zero intensity, which is practically non-zero due to experimental error.

As expected, each enantiomer produced intensity in either L-R or R-L depending on the BPF
used. This correlated with the CPL sign of each enantiomer within the selected wavelength
regions of the AJ = 1 and AJ = 2 manifolds. For example, the CPL spectrum of A-EuL' has a
positive sign in 589-599 nm region (BPF594/10, AJ = 1) and a negative sign in 605-615 nm
region (BPF610/10, AJ = 2), which correlated with non-zero intensities observed on L-R and
R-L images when using BPF594/10 and BPF=610/10 respectively. The relevant areas of the
calculated images were then used to calculate gceip values of 0.21 and -0.17 for A-EuL' and
A-Eul' respectively when using the BPF594/10 and +0.031 for the BPF610/10. This
correlated with the gum values obtained from the PEM-CPL spectrometer data within the
experimental error, where the difference between the two dissymmetry factors was around
$0.02 (~ 11 %) for the AJ = 1 and around £0.003 (~ 9 %) for AJ = 2. The racemate did not
produce a significant intensity in either L-R or R-L images as expected. The nearly equivalent
errors obtained for both gcpLp values could be due to similar CPBr values obtained for the AJ
=1 and AJ = 2 transitions (202 and 189 mol' dm3 cm™") using BPF594/10 and BPF610/10.
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The experimental error associated with CPLP could arise from the PE of the stage not being
perfectly homogenous leading to unequal spatial excitation of the sample. As a result, certain
pixels of the camera module might get oversaturated, serving as a source of error in image
calculation. Moreover, the pixels within the module are not identical and might have slightly
different sensitivity. The same applies to the imperfect alignment of the LPs at each pixel. If
distribution of such pixels is not random, the error is generated when a specific area of an
image is selected for the average intensity measurement. Another source of error could be
associated with inelastic scattering of the excitation light by the sample, making it fall into the
detection wavelength range. Such light would likely be linearly polarised, and therefore L and

R channels would be subjected to linear dichroism.

IV.6. Circularly polarised luminescence photography of chameleon security

tags

Due to the superiority of EuL' over EuL? in terms of gium and CPBefor both AJ =1 and AJ = 2,
this study focused on the CSTs containing EuL'. To test the CPL security performance of
EuL', polymethyl methacrylate thin films (200 nm) containing A-EuL' and A-EuL' (labelled as
A and A) were spin coated on glass and subjected to CPLP followed by EDCC (Figure 4.8).

The gceLp values were then calculated from the L-R and R-L images as +0.10 and -0.024
respectively. When compared to the average gum values recorded using a PEM-CPL
spectrometer for the equivalent wavelength regions (+0.21 for 589-599 nm and -0.033 for 605-
615 nm and), it was evident that the magnitude of dissymmetry factor produced by the A-EuL
containing film in AJ = 1 and AJ = 2 decreased by ~50 % and ~30 % respectively. Similar
results were obtained for the film containing A-EuL’, where the gcpip value of -0.11 decreased
by ~ 50 % compared to gum of -0.22 for AJ = 1; however, remained essentially the same for
the AJ = 2 where gcpip = +0.035 and giym = +0.033.
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Figure 4.8: EDCC images (L+R, (L+R)-TE45*, L-R and R-L) of the spin coated PMMA films under 365 nm excitation
containing A-EuL' (top two rows) and A-EuL'! (bottom two rows) using BPF594/10 (two left columns) and
BPF610/10 (two right columns) with the regions of interest for gcpLp calculations and their average intensities shown
in yellow. Scale bar =5 mm. R-L and L-R images are 6 times contrast enhanced for display.

To confirm that the reduction in gcpip is not a product of a random error, the calculation was
repeated for multiple sequentially spin-coated films using the same method as for the original
film (Figure 4.9).

Figure 4.9: EDCC images of three sequentially spin coated PMMA films containing A-EuL' using BPF594/10 (left
side) and BPF610/10 (right side) where L+R (top row) and L-R (bottom row) with the regions of interest for gcrLp
calculations and their average intensities shown in yellow. Scale bar = 5 mm. R-L and L-R images are 6 times
contrast enhanced for display.
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This could also determine whether structural imperfections of the spin-coated films
significantly could impact the gcrir. As a result, all 4 films consistently produced nearly
identical gcpLr values when using the same BPF, resulting in 50% and 30% gcrLr reduction for
the AJ = 1 (BPF594/10) and AJ = 2 (BPF610/10) respectively compared that of the A-EuL’
solution (Table 4.1). It was hypothesised that such reduction in gcrip resulted from reflection
of CPL from the underlying glass substrate that led to the sign inversion. The stronger effect
observed in the 589-599 nm region could be attributed to the shorter wavelength light being
more susceptible to scattering compared to that of the longer wavelength (605-610 nm), which
is known as Rayleigh scattering.

Table 4.1: Summary of the gcpLp for spin-coated on glass PMMA films with A-EuL' and for solution of A-EuL".

Glass Substrate %
Filter Solution state o gcpLp
1 2 3 4 reduction
BPF594/10 +0.10 +0.10 +0.11 +0.11 +0.21 50%
BPF610/10 | -0.024 | -0.024 | -0.024 | -0.024 -0.031 30%

To test this proposal, prior to spin-coating, the glass substrate was covered with black matt
tape, which is non-reflective in the A ROI, non-emissive under 365 nm irradiation and not
soluble in DCM. The same solution of A-EuL' was then used to prepare 6 spin-coated PMMA
films for CPLP (Figure 4.10).

=2)

BPF 610/10 (AJ

Figure 4.10: EDCC images of six sequentially spin coated PMMA films containing A-EuL' using BPF594/10 (top
two rows) and BPF610/10 (bottom two rows) where L+R (15t and 3™ rows) and L-R (2"¢ and 4™ rows) with regions
of interest for gceLp calculations and their average intensities shown in yellow. Scale bar = 5 mm. R-L and L-R
images are 6 times contrast enhanced for display.

Similarly to the films spin-coated on glass, the obtained gcpir values (Table 4.2) were

consistent across the 6 films using both BPFs which suggested high reproducibility of the
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method. The change of substrate increased the gcrir for the AJ = 1 (BPF594/10); however,
they are slightly lower (20%) compared to the solution. Similarly to that, the gcpip for the
AJ = 2 increased (BPF610/10) to become essentially equal to its gum equivalent.

Table 4.2: gcrir for 6 sequentially spin-coated on tape PMMA films containing A-EuL! and for solution of A-EuL.

— Black Tape Substrate Solution | % gepie

1 2 3 4 5 6 state | reduction
BPF594/10 | 0.17 0.17 0.16 0.17 0.17 0.16 0.21 20%
BPF610/10 | -0.038 | -0.039 | -0.037 | -0.041 | -0.037 | -0.038 | -0.031 none

Since each enantiomer of EuL' produced AJ = 1 and AJ = 2 of mutually opposite CPL signs,
a single enantiomer appeared exclusively in (L-R) or (R-L) images depending on the filter
used. This makes A-EuL'and A-EuL' unique security inks that simultaneously incorporate
two CPL security layers. In contrast to this, most other reported CPL-active europium(lil)

complexes, could only produce sufficient CPBkr in the A region of the AJ = 1 band.

As a proof of concept, two films spin coated on the non-reflective matt black tape containing
either A-EuL' or A-EuL' were imaged together. For example, an authentic CST tag could be
designed to contain A-EuL' on the left-hand side section and A-EuL’ on the right-hand side
sectiono (or can be found in different parts of a pattern). As a result, when observing the

AJ =1 emission through the BPF594/10, only the left-hand side section appeared on the L-R

image and only the right-hand side section on the R-L image (Figure 4.11).

LCPL (L-R) RCPL (R-L)

BPF 594/10 . BPF 594/10

Figure 4.11: L-R (left) and R-L (right) EDCC images used for authentication of the proof-of-concept CST containing
A-EuL’ (left section) and A-EuL' (right section) under 365 nm excitation with average intensities of the regions of
interest shown in yellow. Scale bar =5 mm, BPF594/10.

Simultaneously, switching to the BP610/10 filter to select the AJ =2 emission resulted in the
opposite distribution of sections: the left-hand side section appeared only on the R-L image

and the right-hand side section on the L-R image (Figure 4.12).
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LCPL (L-R) RCPL (R-L)

Figure 4.12: L-R (left) and R-L (right) EDCC images used for authentication of the proof-of-concept CST containing
A-EuL’ (left section) and A-EuL! (right section) under 365 nm excitation with average intensities of the regions of
interest shown in yellow Scale bar = 5 mm, BPF610/10.

Since sequentially produced films resulted in consistent gceip values in both BPF594/10 and
BPF610/10, the tag can be further secured by cross-checking the gcpip numerical values for
each spatial region with the expected threshold. Moreover, a CST can contain multiple CPL
active materials that produce different gcpip values within the selected sections of the total
pattern. Fine tuning of the gcrLp can be also achieved by mixing the two enantiomers in secret
proportions to further enhance the anticounterfeiting properties of the tag. To demonstrate the
gerLp resolving power of the current setup, A-EuL® containing film was prepared by spin-

coating the black tape and subjected to CPLP.

Figure 4.13: EDCC images of PMMA films under 365 nm excitation containing A-EuL® using BPF594/10 and
BPF610/10 with the regions of interest for gcpLp calculations and their average intensities shown in yellow. Scale
bar =5 mm. R-L and L-R images are 6 times contrast enhanced for display.

The gcpLp values obtained for the AJ = 1 transition using BPF594/10 (Figure 4.13) was 0.082
which was similar to the average gum of 0.10 (589-599 nm range) obtained for A-EuL? solution
in MeCN. CPLP was repeated with another equivalent film to produce gcep of 0.073 (Figure

4.14), which differed from the first measured film by ~12%. In contrast to that, the gcrLp values
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obtained earlier for the AJ = 1 transition of A-EuL containing films did not differ by more than
~6%. The doubling of the error corresponded to a decrease in CPBr when using A-EulL®
instead of A-EuL'. It was suggested that CPBris more important for the signal to noise ratio
than just gcrir alone. This is supported by the fact that the gcrie error produced by recording
the AJ = 2 transition of A-EuL' using BPF610/10 was ~7% (based on comparing the average
of 6 films). The average gcrir for AJ = 2 transition of A-EuL'(~0.038) is lower than gcpip for
AJ = 1 transition of A-EuL® (~0.077); however, the former produces a significantly lower error
(~7% vs ~12%). Moreover, for A-EuL’, the gceLr errors for AJ = 2 and AJ = 1 were the same
(~6%). This suggested that the error of gceLe is a function of CPBr rather than just average
gerLp, since CPBe values of A-EuL' for the BPF594/10 and BPF610/10 are similar (202 and
189 M' cm respectively). At the same time, CPBe of A-EuL' for BPF610/10 is ~2.5 higher
CPBk of A-EuL’ for BPF594/10, which was in agreement with the relative errors.

BPF610/10 (AJ =2) |

(L+R) - TE45

Figure 4.14: EDCC images of PMMA films under 365 nm excitation containing A-EuL® using BPF594/10 and
BPF610/10 with the regions of interest for gcpLp calculations and their average intensities shown in yellow. Scale
bar =5 mm. R-L and L-R images are 6 times contrast enhanced for display.

The two films containing A-EuL® produced totally different values of gcer using BPF610/10 to
target the AJ = 2 transition: -0.041 (Figure 4.13) and -0.014 (Figure 4.14)) both of which are
significantly different from the average solution-state gum of 0.007. This suggests that in this
case, the signal to noise ratio is too low for sufficient accuracy of the measurement. This
correlates with the previously measured CPBr of just 25 M' cm™ for A-EuL®in BPF610/10
range. Further tests with a larger number of films containing the enantiomers of EuL® and
EuL' are necessary to determine the gceLr Uncertainty precisely; however, at this stage, it can
be concluded that, limited by the current CPLP setup, only chiral emitters producing the CPBF
value of more or equal to ~100 M cm™ are suitable for the use is CSTs that can be

quantitatively authenticated using numerical gcrLr values.
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To demonstrate that the substrate itself does not introduce an additional error, the black tape
alone was subjected to CPLP. As a result, no significant intensity was observed on the
calculated images under 365 nm excitation (Figure 4.15). The same was done for the caps
that were filled with the solutions of EuL' for the CPLP method validation (Section 1V.5).

No photodegradation or loss of CPL signal of the studied was observed during prolonged
experiments in excess of 1 hour using the 365 nm UV LED irradiation source (1W total power,

collimated and focused to a 1 cm diameter circle).

365 nm, ! 365 nm, BPF610/10 1

L+R) - TE45

0.00004

0.00002 0.00002

Figure 4.15: EDCC images of black tape substrate (top) and black plastic cap (bottom) using BPF594/10 and
BPF610/10 under 365 nm excitation with the regions of interest and their average intensities shown in yellow. The
corresponding L+R images under white light using LPF450; Scale bar =5 mm.
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IV.7. Discussion and future work

EuL' was embedded into solid-state PMMA spin-coated thin films for a proof-of-concept
security tag. Both enantiomers were successfully authenticated via CPLP and EDCC, where
dissymmetry of both AJ = 1 and AJ = 2 transitions was rapidly detected. The recorded
dissymmetry was also quantified using the newly introduced term gcpip, and the results
compared to the average gum values recorded by the PEM CPL spectrometer in the same A
regions. The gcprLp values calculated from the EDCC images of solutions of EuL' enantiomers
were in good agreement with the gium values; however, the gceip significantly reduced in PMMA
films spin-coated on a glass substrate. The proposed hypothesis of dissymmetry reduction via
reflection-induced CPL sign cancellation from substrate was confirmed by replacing glass with
black non-reflective tape that recovered the magnitude of gceip. The gepip values remained
consistent across multiple sequentially spin-coated films, suggesting high repeatability and
consistent CPL security feature. An attempt to repeat the gcrLr measurements with multiple
EuL® containing PMMA films did not result in consistency of the observed gceir for either

AJ =1 or AJd = 2, suggesting that its CPBr was too low for a reliable CPL active security ink.

Reproducibility of the gcrLr values for the BPF594/10 and BPF610/10 that remained consistent
across multiple consecutively spin-coated films suggested a possibility of authentication of a
fine-tuned gceLp value achieved by a blend of the two enantiomers of EuL' in a secret ratio.
This would create a unique value of gcpir Only known to the manufacturer of CSTs. In addition,
this can be further sophisticated by CST authentication using a set of different unknown BPFs
and LPFs of unknown A range. In the same way as the Xgum is unique for each randomly
selected A range of the CPL spectrum, gcrie Will also change depending on the optical filter
used during authentication. This introduces an additional CPL security layer which

incorporates CPL intensity and spectral features.

As mentioned earlier, the security tag must not racemise during lamination, which exposes
A-EuL' and A-EuL' to 150°C (1 cm min™"). Although the racemisation study performed at 60°C
demonstrated a high racemisation stability in solution state, it could not accurately predict the
extent of racemisation during lamination. Therefore, a 200 nm thick PMMA film containing
A-EuL' was spin-coated on the black tape substrate and subjected to CPLP. After that, it was
laminated, and CPLP was repeated (Figure 4.16). The gceip values for both AJ = 1 and

AJ = 2 transitions before and after lamination were determined and compared (Table 4.3).
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Figure 4.16: EDCC images of the A-EuL' containing PMMA films spin-coated on black electrical tap substrate
before (left) and after (right) lamination using BPF594/10 with the areas selected for gcpLp calculations and their
average intensities shown in yellow. Scale bar = 5 mm, R-L and L-R images are 6 times contrast enhanced for
display.

Lamination produced unexpected results, where the CPL sign inversion occurred for both
AJ =1 and AJ = 2 transitions. At the same time, a significant decrease of gcpLp magnitude in
AJ = 1 was observed while that of AJ = 2 remained essentially the same (Table 4.3). Further
photophysical investigation of the laminated sheet alone suggested that it behaved as a half-
waveplate, which could completely invert the CPL sign.

Table 4.3: comparison of the gcrLr obtained for PMMA films with A-EuL' before and after lamination.

Lamination gcrr BPF594/10 (AJ = 1) gcrr BPF594/10 (AJ = 2)
Before +0.15 -0.035
After -0.084 +0.033
% magnitude decrease 44% 6%

A perfect half-waveplate would invert the sign without affecting the magnitude of gcpip. In this
case, since only the magnitude of gcrir for the AJ = 1 transition significantly decreased, the
half-waveplate properties of the sheet could be wavelength dependent, which is common even
for the commercially available waveplates. On the other hand, the gceir decrease could be
caused by the reflections introduced by the laminating sheet. From the previous results, the
AJ =2 was less susceptible to reflections-caused dissymmetry decrease, which was attributed
to the longer wavelength of light being less prone to scattering. Further tests are required to
determine whether the gcrr magnitude decrease is due to the laminating sheet acting as an
imperfect half waveplate or due to the reflections from the glossy surface of the sheet. Once
the half-waveplate properties of commercially used laminating sheets are fully characterised,

lamination could serve as an additional security layer that inverts the CPL sign of the inks.
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One of the possible future directions of the CST development is introduction of CPL-inactive
organic fluorophores into the tag that are imaged simultaneously with A-EuL'and A-Eul.
This will facilitate all previously mentioned security layers and potentially introduce new ones.
For example, alongside the enantiomers of europium(lll) complex, a CST can contain the
commercially available organic dyes Flrscn and RhB that can be also replaced with other

fluorophores of choice (Figure 4.17).

A B C D E
365 nm 365 nm 470 nm 550 nm 365 nm
LPF495 LPF495 LPF495 LPF570 BPF610/10
A-Eul'|A-EuL?
Flrscn| RhB
FILTER 365 nm 365 nm 365 nm 365 nm

BPF594/10 BPF610/10 BPF594/10 BPF610/10
F G H I

Figure 4.17: Sequence of the unique CST patterns and their variables (excitation wavelength, optical filter and
method) suitable for digital authentication, where the areas of the high and near zero intensity are shown in white
and black respectively.

As a result, all present materials can be photoexcited at 365 nm, resulting in green, orange
and red emission from Flrscn, RhB and EuL' respectively, that can be recorded by the
camera using a 495 nm long-pass filter (LPF495) (Figure 4.17.A). This simultaneously
authenticates spatial and chromatic security layers. If the same procedure is repeated, but
with a nanosecond scale time delay between the PE and the shutter introduced, only
europium(l1l) containing sections of the tag will produce intensity, authenticating the temporal
security layer (Figure 4.17.B). The next step could be illumination of the CST using 470 nm
LED at a specific power to selectively excite only Flrscn (Figure 4.17.C). The same can be
repeated with 550 nm LED to selectively excite RhB; however, a LPF570 would be necessary
to avoid detection of the reflected excitation light (Figure 4.17.D). The use of different
wavelength LEDs to selectively excite individual sections of the CST pattern provides an
additional security layer that can be implemented. Another security layer can be facilitated by
using different BPFs to observe only those sections of the tag that contain the dyes emitting
in the selected wavelength range of filter transmission window. For example, when the whole

tag excited with 365 nm LED, the use of BPF610/10 will only transmit orange and red emitting
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RhB and EuL' (Figure 4.17.C). Finally, the CPL security layer can be authenticated using L-
R-CPL EDCC images in combination with BPF594/10 and BPF610/10 to select the AJ =1 and
AJ = 2 emission manifolds. As a result, L-R image will show the A-EuL' via BPF594/10 (Figure
4.17.F) and A-EuL' via BPF610/10 (Figure 4.17.G). The opposite will be observed when R-L

calculation is performed (Figure 4.17.H and I).

The whole sequence (Figure 4.17.A-l) can be computer-automated for a rapid authentication
of multi-layer security of the proposed CST. The flexibility of the design allows for introduction
of other dyes and the use of other combinations of the excitation light wavelength, optical filter
and time gating. Once the design is confirmed, further optimisation of various parameters such

as LED power and camera exposure time can be performed.

To practically achieve multiple sections containing :

different luminescent materials, a templating @”\\
method can be used. This is done by covering ¥

individual parts of the substrate with a masking tape |
while spin-coating with solutions containing different

dyes. The material used to cover the substrate must

be moderately sticky in order to remain attached

during spinning while also detach freely without

Figure 4.18: Photograph of a sectioned PMMA

damaging the existing film. In addition, it must be film under 365 nm PE (containing Flrscn and
RhB on a single substrate

insoluble in DCM. A polyethylene terephthalate

(PET) film E-MASK RP301 by Nitto was found to have just the right adhesive strength of 10
mN mm-. A proof-of concept PMMA film containing two separate sections was spin-coated
using the templating method (Figure 4.18). The sections contained Firscn and RhB that
produce green and orange emission respectively under 365 nm PE. The potential
disadvantage of the templating method was expected to be a bleed of the second spin-coated
film into the first one during the spin coating. Although the section corners can be avoided
during the image calculation by selecting only smooth central parts of the sections, the film
was subjected to LSCM to investigate the extent of the bleed as well as to test the possibility
of selectively exciting different sections of the film using the excitation sources of different
wavelengths. Therefoe, the area centred on the interface between the two sections was
excited using 355 nm light that resulted in PE of both sections. The images were then taken
using 495-515 nm detection window to exclusively observe Flrscn emission (Figure 4.19.A)
and 660-680 nm to observe only RhB emission (Figure 4.19.E). As a result, the interface
between the two sections was relatively smooth with no significant mixing of the two films,
which was determined from the overlay of both mission images with the transmission image

(Figure 4.19.H). The selective excitation security feature was then tested using 458 nm and
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543 nm excitation to selectively excite Flrscn (Figure 4.19.B) and RhB (Figure 4.19.F)
respectively. The images were taken using both detection windows to confirm that only one of

the sections glows at each excitation A (Figure 4.19.F and C).

Figure 4.19: LSCM of Firscn (green coloured) and RhB (red coloured) containing sections of a spin-coated PMMA(
x10/0.40 objective, 620620 yM FOV) showing total emission using 495-515 nm (A-C) and 660-680 nm (E-F)
detection windows and Aex =355 nm (A and E), Aex=458 nm (B and F) and Aex=543 nm (C and G). Overlay of the
transmission image (D) with A and F is shown in H. Scale bar = 100 um. Performed by Dr. Dominic Black.

In order to facilitate authentication of the above-proposed selective excitation security layer
using the CPLP camera, the set-up was modified by incorporation of different A LEDs. Before
the new multi-LED unit was introduced, the PE of CSTs was performed using two 365 nm
LEDs placed at the opposite sides of the sample stage and oriented at ~45° angle with respect
to the sample. Apart from availability of just a single excitation A, such setup resulted in such
problems as uneven irradiation of the sample stage at low LED power and PE of some filters
in the filter wheel which produced circular artifacts on the images. Therefore, in cooperation
with Durham University electrical workshop, a novel multi-LED PE module was designed and
built. The module contained pairs of multiple wavelength LEDs (400-1000 white, 365 nm UV,
470 nm blue, 525 nm green, 660 nm red and 760 nm NIR) that are mounted on a trapezium-
shaped aluminium ring at 45° with respect to the sample stage plane using a thermally

conductive adhesive to facilitate heat sinking (Figure 4.20).
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400-1000 nm (white) LED,
300 mW, 20°

365 nm white LED,
500 mW, 20°

470 nm white LED,
480 mW, 20°

525 nm white LED,
230 mW, 22°

660 nm white LED,
320 mW, 20°

760 nm white LED,
400 mW, 18°

Figure 4.20: Photograph of the multi-LED excitation module (left) and its schematic representation (right).

The LED pairs were necessary to provide an even illumination of the sample, which is crucial
for quantitative authentication methods. Such broad A range of LEDs was chosen to improve
the compatibility of the system with selective PE of most available luminescent dyes. The LED
pairs were then connected to pulse width modulation drivers that allowed to individually adjust
the brightness of each A LED pair to account for the difference in power specification. In
addition, the brightness adjustability is essential when switching between the optical filters to
keep the recorded intensity within the dynamic range. In other words, optical filters select A
regions where the measured light intensity might differ, potentially resulting in oversaturation
of the detector unless PE power corrected. Apart from that, pulse modulation is inherently
compatible with time gating that is necessary for authentication of the previously mentioned

temporal security layer.

In order to test the new CPLP camera multi-LED module, the previously reported security tag*’
was irradiated with two different A LEDs. More specifically, the combination of the 470 nm
LEDs with LPF495 and 525 nm LEDs with LPF570. As a result, in the first combination, only
the features containing RhB and Firscn emission were detected, since both dyes absorbed
in the green region. In the second sequence, out of all dyes present only RhB absorbed in

green (525 nm) light, resulting in only the contour of the tag appear on the image (Figure 4.21).

470 nm LED 525 nm LED
L+R
EulLP
P a3 o
® O
Fluorescein A
)
Anthracene ,

LPF495 LPF570

Figure 4.21: Schematic representation of the luminescent species forming the security tag pattern (left) and two
total intensity EDCC images recorded using the different stated parameters - PE A and optical filter.
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The modular setup of the camera has proven advantageous for its adaptability to new
authentication methods that increase the complexity of the CST security which minimises its
susceptibility to counterfeiting. Therefore, to improve the commercialisation prospects of the
camera, other potential applications apart from the CST authentication were investigated,
taking into consideration the required camera hardware modifications. The camera could be
integrated into processes where it would either demonstrate significant improvements over
the existing instrumentation or introduce a completely new analytical method that would bring
commercial value. The areas of science that most commonly study chiral materials are
biochemistry, pharmaceutical chemistry and molecular biology. For example, pharmaceutical
chemistry aims on replication of biologically active molecules such as enzymes and receptors
that are chiral and demonstrate only stereospecific interactions. This leads to one of the great
challenges in drug discovery, where the control of stereochemistry at the chiral centres, which
need to match that of a biological target, is crucial for the potency and toxicity of the drug.
Moreover, metabolic pathways for the administered drugs are also stereospecific, which can
lead to undesired accumulation of the wrong enantiomer in patients. In molecular biology, for
example, nucleic acids are chiral, for instance, deoxyribonucleic acid (DNA) and ribonucleic
acid (RNA). Therefore, one of the simple indicators of a successful DNA replication or
modification procedure could be determination of chirality of the resulting species. Currently,
CD spectroscopy is used for these purposes, since chiral species preferentially absorb either
R-CP or L-CP light. The main disadvantage of this method is that is it relatively time
consuming, since only one sample can be measured at a time. This significantly reduces the
method efficiency in scenarios where multiple different targets need to be screened at once,
for instance, in time-resolved studies, where rapid screening of multiple samples needs to be
performed simultaneously. In this chapter the capability of the camera to analyse the whole
sample stage by simultaneous detection of both L-CP and R-CP light was confirmed. It was
demonstrated how image processing allowed to select individual ROls for the gceip
calculations, for example, for three containers containing solutions of EuL' enantiomers
(Figure 4.7). Therefore, by replacing them with, for example, a 96 well plate, 96 samples could
be screened by the CPLP camera in a single shot. This would require a lens with a longer
focal length, which would allow to fit the well plate footprint with appropriately large FOV. Since
the resolution of the CMOS sensor is 2448 x 2048 pixels, which produce a ratio of 12 x 10,
and the 96 well plate contains 12 x 8 wells, the longest side of the well plate containing 12
wells would be matched with the longest side of the FOV containing 2448 pixels (Figure 4.22
- left). Otherwise, if 8 wells were matched with 2048 pixels, the plate would not fully fit into the
FOV (Figure 4.22 — right).
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Figure 4.22: Relative dimensions of the CMOS 2448 x 2048 pixels FOV (red borders) and 12 x 8 well plate at
different zoom settings of the lens to match long sides (left) and short sides (right) of the FOV and well plate.

As a result, each well would fit into a 204 x 204-pixel cluster, however, zero intensity areas
covering the space in-between the circular well plates needs to be accounted for. Therefore,
the size of the largest possible square-shaped cluster of pixels that would fit into a well with
the diameter corresponding to 204 pixels can be calculated by setting the diagonal of such
square as 204 pixels (diagonal = side x V2 ). As a result, each well would fit 144 x 144-pixel
corresponding to 72 sets of 2 x 2-pixel clusters covered by 4 differently oriented LPs. In other
words, each gcpp calculation would be a result of 72 averages, suggesting a high precision of
the method.

In order to achieve an even illumination of all 96 wells, the PE excitation module needed to be
redesigned to account for the bigger sample size. In addition, the illumination of the plastic
well plate from above could result in reflection of PE light reflection that would generate a
longer A LPL that could introduce an additional error to the measurements. Therefore, it was
decided to illuminate the sample from underneath using multiple LEDs of different A that are
covered by a light diffuser. It will have the same power control functionality as the previously
mentioned ring module (Figure 4.23); however, might require LEDs with a wider angular
intensity distribution for an even illumination due to their proximity to the sample. The project
is currently at the development stage in collaboration with Durham University electrical

workshop.

This will turn the CPLP camera into a CPLP plate reader which will allow to simultaneously
measure the CPL of 96 solutions in a single shot. The plate reader will be compatible with a
wide range of the PE As, emission will be measured through the relevant LPFs or BPFs to
avoid the detection of the excitation light and select the A range with single sign CPL for a

given species.
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Figure 4.23: Schematic representation of the modified CPLP camera setup for the use as a 96 well plate reader.
In addition to this, the setup can be explored in CD spectroscopy mode, where the sample is
iluminated to directly measure the helicity of the excitation light after it passes through the
sample using a BPF matched with the LED A range. When LED light with no polarisation bias
passes through a solution containing a chiral material, it becomes CP. For example, if a
material shows positive CD, it will absorb more L-CP light than R-CP light. As a result, the
camera would record a greater intensity in the R-CPL-sensitive channel, while the calculated
gcrLe Will correspond to the negative of the gaps, Which is the absorption equivalent of gium
(Equation 28).

Jabs = H = —gcpLp [28]
Therefore, the method of CD detection of the CPLP plate reader will be opposite to that of a
CD spectrometer. While CD spectrometer measures the intensity of the instrument-generated
CP light that is transmitted through the sample, CPLP plate reader measures the intensity of
the originally unpolarised light that becomes polarised when passing through the sample. The
implementation of the CD mode would significantly broaden the application scope of the plate
reader as there are significantly more materials that show strong CD rather than strong CPL.
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CHAPTER V. The design of novel CPL emitters for late-stage

functionalisation

V.1. Investigation of the novel EuL? nitro-functionalised complex and its

derivatives

V.1.1. Introduction to the series of complex intermediates for the late-stage functionalisation

Modular synthetic strategy towards the Eul-type materials affords flexibility to introduce
various structural modifications into the system for desired chemical and photophysical
properties. For instance, as previously discussed, introduction of electron-donating groups to
the aryl ring of the arylalkynylpyridyl chromophore resulted in bathochromic shift of the
absorption maximum. Another example of phosphinate to carboxylate donor replacement
significantly altered the CPL properties, resulting in strong monosign band within the AJ =2
manifold with 656% CPBEF increase. Such structural modifications need to be introduced at an
early stage of chromophore ‘top’ and ‘bottom’ components synthesis. As a result, the main
limitation of this strategy is a potential sensitivity of the introduced functional group towards
the downstream reaction sequence that, apart from others, includes a two-step Corey Fuchs
homologation, mesylation, nucleophilic substitution and base-catalysed hydrolysis steps.
Therefore, each new modification would likely require a careful consideration of the reaction
sequence as well as additional synthetic steps to introduce and cleave protecting groups,
adding to the complexity and costs. In addition, the need for a brand-new synthesis for each
desired modification is not feasible in terms of commercialisation. This creates demand for a
new approach where a versatile EuL'-type material susceptible to a late complex-stage
functionalisation via functional group interconversions. Such complex, for instance, could be
functionalised with glucose units for a better cellular uptake for cellular bioimaging.®
Alternatively, it can be conjugated with various peptide sequences for targeting specific
organelles such as endoplasmic reticulum with “AcCFFKDEL” or trans-golgi targetting
“AcGASDYQRLGC”.??2 Such complex could be also used for conjugation to chiral self-

assembly systems or chiral polymers for CPL enhancement.®*-%

This idea was previously investigated using europium(lll) complexes that either contained a
nitro leaving group or an amino-propyl group at the pyridyl for the late-stage conversion (Figure
5.1).92 On the contrary the design allowed sensitisation via only 2 chromophore ‘arms’ while
the third arm only served functionalisation purpose. As a result, such materials demonstrated
a guaranteed reduction in molar extinction coefficient and therefore CPB by ~33%. Another

disadvantage came from the complex symmetry reduction near the europium(lll)
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luminescence centre that would negatively affect CPL sign conservation within the

‘hypersensitive’ AJ =2 manifold.

~o ~o

NH,

Figure 5.1: The structures of literature examples of europium(lll) complexes for the late-stage modification.®?

To improve upon the above-mentioned downsides, the new convertible functional group must
be structurally distant from the europium(lll) centre and not conjugated with the rest of the
chromophore to minimise the effect on photophysical properties by alteration of ICT state
energy that could shift the maximal absorption wavelength. It was also important to maintain

2,4 ,6-trimethoxy substitution of the aryl ring for the absorption maximum near 365 nm.

All things considered, the meta position of the aryl was chosen for functionalisation with a nitro
group EuL? that can be converted into an azide EuL? via an amine intermediate EuL? at a
complex stage (Figure 5.2). It was proposed that EuL?® can be functionalised by forming a
amide bond to a carboxylic acid bearing moiety, and EuL? can undergo click-chemistry

cycloaddition to alkyne containing substrates.

o o
EulL? EuL?? EuL2b

Figure 5.2: The proposed structures for the novel europium(lll) complexes for the late-stage modification.

The main drawback of such design is large steric hindrance at the meta- position due to
adjacent methoxy groups which could significantly reduce reactivity. This would not only affect
the EuL? to EuL? to EuL? interconversion but also the amide formation and cycloaddition.

Therefore, it was important to test the reaction conditions using early chromophore precursors.
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V.1.2. Proposed late-stage functional group interconversion

Nitro to amino to azido functional group interconversion was proposed to be carried out at the
complex stage. Firstly, it was advantageous to afford both EuL? and EuL? to make the
system more versatile towards functionalisation with different substrates (containing
carboxylic acid or alkyne). Secondly, the nitro to amine reduction had to be performed at the
EuL? complex stage due to reactivity of the amine group towards the mesylation step of the
ligand synthesis. On the contrary, nitro group attached to the electron-rich trimethoxy-
substituted aryl group is relatively inert and was expected to remain intact throughout all
subsequent synthetic steps. In addition, introduction of unprotected primary amines
complicates purification of the complex precursors via normal-phase column chromatography.
Therefore, both complex-stage functional group interconversion reactions had to be

compatible with EuL? chemical stability.

The two standard methods for nitro to amino reduction are catalytic hydrogenation and metal
reduction under acidic conditions. They both are incompatible with the alkyne functionality
causing its hydrogenation or hydration. Therefore, an acid-free method of nitro reduction using
tin (II) chloride in MeOH at an elevated temperature (60°C) was adapted from literature
(Scheme 5.1).9%%7 The following amino to azido group conversion followed a recently
published method that used tert-butyl nitrite in combination with trimethylsilyl azide (Scheme
5.1).%8 Other factors such as purification simplicity, catalyst cost and solvent compatibility were

also prioritised during method selection.

| NH, | 'BUONO,
SnCl, f ‘

TMSN,4 3
' MeOH, 60°C" | Yo 0~ | MeCN, ™
‘ : 0°C to RT

o 0+_O
; Nt
G SEG
Ry \\ Ry X \JX

EulL2bP

Scheme 5.1: The proposed reaction sequence for the complex-stage functional group interconversion of EuL?2.
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V.1.3. Preparation of EuL?

The total synthesis of EuL? was equivalent to that of the EuL', where where ‘top’ and ‘bottom’
components of the chromophore were prepared separately prior to Sonogashira cross-
coupling reaction. While the ‘bottom’ pyridyl component of the chromophore was shared
between the EuL' and Eul?, the ‘top’ was modified by introduction of a nitro group. As
mentioned earlier, it was decided to nitrate the aryl group at an early stage (the first synthetic
step) due to its chemical inertness towards further steps (Scheme 5.2). In addition, nitration
requires harsh acidic conditions which could affect other functional groups if performed at a

later stage.

NH4NO3 ”BuL|
H2804 PPh3 CBF4
DCM rt, 20 h THF, -78 C
A Br

17
Scheme 5.2: The reaction sequence for the ‘top’ component of the chromophore in EuL2.

2,4,6 - Trimethoxybenzaldehyde was nitrated in a standard electrophilic aromatic substitution
reaction using a mixture of nitric and sulfuric acids to give 17. The probability of the unwanted
double nitration at both meta positions was reduced by a short reaction time (10 minutes) and
low temperature (0°C). The second nitration was likely due to the ortho-para activating nature
of the methoxy groups. On the other hand, once one electron withdrawing nitro group is added,
the substrate was deactivated toward the second electrophilic aromatic substitution. The
method for the following 2-step Corey-Fuchs reaction remained unchanged from the
previously reported procedure towards the ‘nitro-free’ equivalent of 19. The same applied to
the following sequence to prepare the sensitising chromophore 20 which was then mesylated
to give 21 (Scheme 5.3).

Br
| X
O N ~ S
MSZO
NO, OH 13 O DIPEA
> —_—
~ - [Pd(allyl)ClI], THF, 1t, 1h
0 0 TEA
|| Piperidine
MeCN, 40 °C, 20 h, Ar, HO O\\S/O
~
I
19 209 ©

Scheme 5.3: The reaction sequence for the sensitising chromophore of EuL2.
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Purification of 20 using reverse-phase HPLC with MeCN-water of MeOH-water solvent
gradient was inefficient due to poor solubility, and therefore it was purified by flash
chromatography (silica, 3% MeOH in DCM) instead. The rest of the synthetic procedure was
also the same with that reported for EuL' (Scheme 5.4). The above-mentioned solubility
problem also affected the purification of EuL2. Therefore, similarly to 20, it was purified by
flash chromatography (silica, 5% MeOH in DCM).

20 NaOH
OEt i EuCI3 6H,0

MeCN K2CO3 lo) MeOH rt
N /
60 °C, 24 h, Ar <\ /> AN

21 22 EulL?

Scheme 5.4: The reaction sequence for the alkylation, hydrolysis and complexation steps for EuL?2.

V.1.4. Photophysical study of EuL?2

Apart from being a late precursor for functionally prominent EuL? and EuL?, EuL? was
photophysically evaluated to study the effect of structural modification on the far end from the
europium(lIl) centre. Introduction of the electron withdrawing nitro group on the ‘top’ of the
chromophore would decrease the energy of the HOMO resulting in an undesired
hypsochromic (blue) shift of the absorption maximum. Since EuL? was meant to be just a
precursor complex for the practically useful EuL?* and EuL?, blue shifted absorption
maximum did not pose a problem. EuL?? would contain electron donating amine in addition to
trimethoxy substitution that would potentially red shift the absorption maximum closer to the
365 nm (depending on solvent) compared to EuL'. Although EuL? contains electron
withdrawing azide, it would form a triazole ring upon cycloaddition to a functional moiety.
Therefore, both EuL?? and EuL? would maintain the optimal absorption at 365 nm, enabling
the highest possible luminescence brightness when excited with a commercially available UV
LED or 355 nm Nd:YAG laser line.

As expected, the excitation maximum of the EuL? hypsochromically shifted from around 360
nm (for EuL') to around 340 nm (Figure 5.3.C, both in MeCN). Such increase in the HOMO-
LUMO gap can be due to a decrease in HOMO energy which is a result of electron withdrawing

nature of the nitro group. Both materials produced nearly identical emission spectra (Figure
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5.3.D), including the ‘hypersensitive’ AJ = 2 manifold. This confirmed near zero influence of
such distant structural modification on the symmetry at the europium(lll) site. This also

suggested a high possibility of CPL spectral shape conservation.

® of the EuL? (10 + 1%) was around 4 times lower than that of EuL' (45 + 1%). On the other
hand, the emission lifetime of EuL? in MeCN remained the same with that of EuL' (both 1.0 +
0.1 ms). Both factors suggested that the emission of EuL2 was quenched by an additional (in
contrast to EuL') non-radiative relaxation of the short-lived first singlet (S1) or ICT excited
states of the chromophore rather than europium(lll) °D, long-lived state. In addition, the

chromophore of EuL? (L2) was not emissive in contrast to L', supporting the claim of the S;

quenching.
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Figure 5.3. A: Normalised absorption (black), emission (solid red, Aexc = 340 nm) and excitation (dashed red, Aem
= 614 nm) spectra of EuL? in MeCN with the measured @ (absolute method) annotated; B: Lifetime plots of EuL?
in MeCN and MeOH (0.1 abs solutions, Aexc = 340 nm, Aem = 614 nm); C: Normalised excitation spectra of EuL’
(black) and EuL2(red) in MeCN (Aem = 614 nm); D: Normalised emission spectra of EuL' (black) and EuL2 (dashed
red) in MeCN (Aexc = 360 nm and 340 nm respectively).
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From previous r experiments it was evident that ¢ of the parent EuL' significantly decreased
in MeOH (but not in MeOD). The quenching was therefore attributed ICT stabilisation via H-
bonding, promoting the thermally activated BET. In this study of EuL?, rin MeOH was recorded
as 0.8 + 0.1 ms, which was higher compared to 0.6 + 0.1 ms for EuL' (~33% increase) (Figure
5.3.B). This was attributed to destabilisation of the ICT by electron withdrawing nitro group,
which increased the ICT - °D, energy gap, which decreased the rate of BET and therefore
increased t in protic solvents. More specifically, the ICT state of the chromophore is likely to
exist in a form of charge separated species with a negative charge localised on the electron-
pulling pyridyl nitrogen and a positive charge on the electron-pushing aryl (Figure 5.4). Once
a nitro group is attached to the aryl, it can withdraw electrons from the partially positive aryl
ring (ICT state) via both induction and resonance, resulting in a possibility of a high-energy

resonance form with two positive charges in proximity.

Figure 5.4: Potential resonance mechanism of the ICT state destabilisation by the nitro group.

The molar extinction coefficient (¢) of EuL? could not be accurately determined due to its
generally poor solubility in organic solvents. In order to estimate how it would compare to that
of EuL', the ¢ of the EuL? chromophore L? was measured and compared to that of L'. As a
result, the introduction of the electron withdrawing nitro group at the aryl ring decreased the ¢
of L2 by around 40% (Figure 5.5 - left). This agreed with the previously mentioned effect of
spatially separated electron rich (bearing HOMO) and electron depleted (bearing LUMO)
regions on the transition dipole moment. In the case of EuL?, the nitro group depletes the aryl
from electrons resulting in a weaker dipole and hence lower ¢ (Figure 5.5 - right).
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Figure 5.5: Dependence of L' and L2 absorbance on the concentration in MeCN (left); Structures of L' and L? with
the coloured circles representing the relative magnitudes of charge densities (right) (blue — electron depleted, red
— electron rich regions).

The quenching effect could be directly related to the nitro group which was the only structural
component that differed between EuL? and EuL'. As discussed earlier, a number of different
quenching pathways can occur during sensitisation. In this case, the most likely quenching
type that can be attributed to the presence of a nitro group is vibrational relaxation via N-O
stretching modes. These normally have the vibrational wavenumbers of 1600-1530 and
~1380-1310 cm™ for the asymmetric and symmetric N-O modes in nitro compounds
respectively.®® % Since the nitro group is in proximity to the HOMO of the chromophore, there
is a high probability of the chromophores’ excited state quenching via vibrational ET to the
N-O stretching overtones. Since EuL? absorption maximum in MeCN is around 340 nm (29412
cm™), while the N-O bond dissociation energy is around 200-250 kJ mol™" (~17000-21000 cm"
"), which is significantly lower than 29412 cm™), it is impossible to relax the chromophore back
to the ground state via N-O stretching alone. However, there is a possibility of a cascade
vibrational ET from the N-O vibrational levels into the C=N stretching in MeCN. The energies
of the N-O vibrational levels can be compared to the vibrational overtones of the C=N
stretching (vibrational wavenumber of 2240-2260 cm™) to determine whether there is an
energy match required for the effective vibrational ET (Table 5.1). As evident form the
calculations, there are multiple energy matches between the vibrational transitions of N-O and

C=N stretching, suggesting an effective vibrational relaxation pathway.
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Table 5.4: The energy match between the N-O and C=N vibrational overtones calculated using 1530 and 2240
cm! vibrational wavenumbers and 0.0074 and 0.0063 anharmonicity constants respectively. 0"

N-O vibrational overtone energy C=N vibrational overtone energy % energy
/cm™ /em™? match
Ve — Vo 8704 Vo— Va4 8678 99.7%
vi— Vo 10076 Vo— Vs 10777 93.5%
Vo — Vo 12751 Vo— Ve 12847 99.3%

A similar process would be also observed in other solvents that can produce a good energy
match of the vibrational overtones to behave as an efficient energy sink. A recent example
demonstrated similar quenching properties of the nitro group that are attributed to its electron

withdrawing nature which destabilised the excited state by electron transfer.'%?

V.1.5. CPL properties of EuL?

An attempt to separate the A and A enantiomers of the EuL? using the same chiral HPLC
method as for the EuL using the CHIRALPAK IE column was successful and produced similar
retention times and the same elution order for the enantiomers (Figure 5.6). The experiment

was then repeated with the CHIRALPAK IB-N5 column but showed no signs of separation.
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Figure 5.6: The structure of the CHIRALPAK IE chiral HPLC column stationary phase (left) and chiral HPLC AC
(at 340 nm) for the separation of the EuL? enantiomers (solvent: EtOH/MeOH/TEA/TFA at 50/50/0.5/0.3, injection:
20 pL of ~0.5 mg mI' in MeCN, 2 ml min-") (right). Performed by Dr. Aileen Congreve.

As expected, there was no significant difference between the CPL spectra (Figure 5.7.A and
C) and gum plots (Figure 5.7.B and D) of the enantiomers of EuL? and EuL'. It was particularly
interesting that even the ‘hypersensitive’ AJ = 2 emission manifolds of the two materials did

not produce a significant difference in spectral shape and relative intensity of the bands.

The maximum gium Was recorded as +0.310 (at 601 nm) for A-EuL? and -0.326 (at 601 nm) for
A-EuL; that were similar to +0.290 for EuL' (at 601 nm). The highest gium values recorded for
the AJ = 2 were -0.074 and +0.067 (both at 607.5 nm) for the A- and A-EuL? respectively,
which were similar to £0.071 for EuL' (at 607.5 nm).
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Figure 5.7. A: CPL spectra of A-EuL? (blue) and A-EuL? (red) in MeCN (Aexc = 340 nm, 5 averages); B: gum plots
for the CPL spectra in A (AJ = 1 and 2 only); C: The normalised (to the intensity at 614 nm) CPL spectra of the A
enantiomers of EuL' (solid black) and EuL? (dashed red) in MeCN (Aexc = 360 nm for EuL' and 340 nm for EuL?,
5 averages); D: gum plots for the CPL spectra in C (AJ = 1 and 2 only).

Since ¢ could not be accurately determined, the CPB for the EuL? was not calculated.
However, it was expected to be at least 6 times lower than that of EuL' due to 4.5 times lower
® and ~40% lower ¢ of each of the three L2 chromophores. Although photophysical properties
of EuL? were not planned to be practically useful, its lower CPL performance, when compared
to that of EuL' could be confirmed. This serves as an additional example of the superiority of

CPB over gum, which is identical for both materials.

This photophysical study of EuL? evidenced how structural modifications on the far end from
the europium(lll) centre did not result in perturbation of the local symmetry that would affect
the CF splitting of the 7F, states, and, as a result, the CPL spectral band shape and relative
intensity remained unaffected. This suggested that EuL??, EuL? and their functionalised

versions would unlikely demonstrate any significant changes in CPL properties.
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V.1.6. Investigation of the proposed functional group interconversion reactions

~N ~N

Q Q ‘BUONO ¢
u )
NO2  gney, I N
o o~ MeOH, 60°C g o  MeCN, g o
R - 0°C to RT -
0 0 0
17 17a 17b

Scheme 5.5: The proposed reaction sequence for the functional group interconversion test reactions.

Prior to functional group conversion on EuL?, the reaction conditions were tested on the
relevant chromophore precursors on the analytical scale and hence analysed using LCMS.
The first reaction was a reduction of the nitro group on 17 to produce an amine 17a. As
previously mentioned, the presence of the alkyne functionality in EuL? introduced limitations
on the choice of the reduction method (section V.1.2). Therefore, an adapted literature
procedure was used to yield amine using tin(Il) chloride in MeOH at 60°C (Scheme 5.5).%6:"
At the start, 5 equivalents of tin(ll) chloride were added to 1 equivalent of 17 and stirred
overnight (20 hrs) at 60°C under argon. After 20 hours, only ~50% conversion was achieved
(Figure 5.8 — left). The reaction was further monitored for additional 4 hours with no further
conversion observed. Therefore, an additional 5 equivalents of tin(ll) chloride were added, and
the reaction was stirred for another 20 hours which resulted in full conversion (Figure 5.8 —
right). It was proposed that the need for a large excess of tin(ll) chloride was due to a relatively
low reaction rate associated with steric hindrance at the reaction site generated by the ortho-

methoxy groups.

17a 17
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36.90% 1.8%0
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Figure 5.8: LCMS (Method E, Section VI.2.) AC (210-400 nm) of the 17 to 17a reaction mixture after 20 hours
with 5 equivalents of tin(ll) chloride (left) and after an additional 20 hours and 5 equivalents (right).
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Once completed, the reaction mixture was concentrated under reduced pressure and poured
over ice, where the resulting acidic solution was neutralised using 1 M sodium hydroxide
(NaOH). It was essential to neutralise the mixture promptly to avoid any hydration of the alkyne
under acidic conditions. The product was then extracted with EtOAc followed by an aqueous
wash. This step was also repeated with DCM since it was expected to be a better solvent for
the EuL?than EtOAc.

The next reaction step targeted conversion of the amine 17a to the azide 17b. The recent
literature suggested the use of tert-butyl nitrite with trimethyl silyl azide in MeCN at rt (Scheme
5.5).%8 Initially, the exact literature procedure was applied to 17a (1.5 eq. of tert-butyl nitrite
and 1.2 eq. of trimethyl silyl azide) but resulted in no conversion after the suggested 3 hours.
Similarly to the previous step, the sterically hindered approach to the reaction site was
expected to significantly reduce the reaction rate. Therefore, the mixture was left stirring for
over 20 hours to produce a small amount of product. Another 5 equivalents of each reagent
were added to push the reaction forward, resulting in no further conversion after 20 hours
(Figure 5.9).
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Figure 5.9: LCMS (Method E, Section VI.2) AC (210-400 nm) of the 17a to 17b reaction mixture with the mass
spectrum (MS) inserts recorded for the eluted materials after the total of 43 hours and ~6 equivalents of the
reagents added and the proposed first mechanistic step of the 17a to 17b reaction mechanism.
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Although the mechanism for this reaction was not reported in the original literature, it was
assumed that the first mechanistic step would involve a nucleophilic attack of the tert-butyl
nitrite nitrogen by the amine nitrogen to form a diazonium salt (Figure 5.9 - blue) which can be
then substituted by the azide. The diazonium formation is likely to be a rate limiting step which
depends on the electronic properties of the substrate. In the case of 17a, the reaction rate
depends on the nucleophilicity of the amine that is affected by the nearby functional groups.
Although not conjugated with the amine, the aldehyde substituent is electron-withdrawing with
respet to the aryl ring. This results in a decrease of the amine nucleophilicity and therefore the

reaction rate reduction.

To confirm this, the amine to azide conversion was repeated with a more electron rich 18a,
where the electron withdrawing aldehyde was transformed into a dibromo alkene to restore
the amine nucleophilicity. Therefore, the reaction conditions for the nitro to amino conversion
were successfully applied to convert 18 into 18a (Figure 5.10) using the same method as for

the reduction of 17 but only 5 equivalents of tin (ll) chloride.
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Figure 5.10: LCMS (Method E, Section VI.2.) AC (210-400 nm) of the 18 to 18a reaction mixture (after purification)
with the reaction scheme and the MS insert at 1.939 min.

18a was then reacted with 5 equivalents of tert-butyl nitrite and trimethyl silyl azide to give 18b
after stirring under argon overnight (Figure 5.11). Since the aryl rings of the EuL? sensitising
chromophores did not contain electron withdrawing substituents, both reactions of functional

group interconversions were expected to work for the EuL?to EuL??to EuL?® transformations.
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Figure 5.11: LCMS (Method E, Section VI.2.) AC (210-400 nm) of 2a to 2b reaction mixture with the reaction

scheme and the MS insert at 3.05 min.

The next reaction was aimed on testing standard ‘click’ chemistry conditions with the azide

18b (Figure 5.12). Trimethyl silyl acetylene was chosen as a simple substrate to be added to

18b via copper(l) catalysed cycloaddition. Sodium ascorbate was also added to act as

reducing agent to maintain low oxidation state of copper. The reaction was subjected to LCMS

after 1 hour, which revealed the formation of the triazole-containing 18c¢. This confirmed the

susceptibility of the sterically hindered azide towards click-chemistry, suggesting the

possibility of the complex-stage functionalisation of EuL?.
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Figure 5.12: LCMS (Method E, Section VI.2.) AC (210-400 nm) of 18b to 18c reaction mixture after 1 hour with

the reaction scheme and the MS insert at 3.07 min.
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V.1.7. Preparation of EuL? via late-stage functional group interconversion of Eul?

Once the nitro to amino to azido interconversion reaction conditions were tested on the
chromophore precursors, they could be further tested on EuL2 For the nitro to amine
conversion reaction, the solvent system was changed from isocratic MeOH to a DCM/MeOH
mixture due to low solubility. Once EuL? was suspended in MeOH, DCM was added dropwise
until the solution became clear. 30 equivalents of tin(ll) chloride were then added (10 eq. for
each nitro group) and the solution was stirred at 40 °C overnight. As a result, a mixture of
EuL? and the intermediates containing just one (EuL?®) and two (EuL?®”) amino groups were

obtained (Figure 5.13).

EuL?® (R,=R,=R3 = NH,)
EuL?® (R4=R,=NO,; R;=NH,)

Eul2a EyL2=a" EuL?®" (R4=NO,; Ry;=R3=NH,) ~
30 eq. kv

Sncl2 37.18%
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Figure 5.13: LCMS (Method E, Section VI.2.) AC (210-400 nm) of EuL? to EuL?? reaction mixture after 20 hours
with 30 eq. of tin(ll) chloride (left) and the structures of the reaction intermediates (right).

It was noted that upon irradiation with a 365 nm light the intensity of red europium(lll) emission
gradually decreased as the reaction proceeded. A significant drop in intensity was observed
during the first 3 minutes after tin(ll) chloride addition and then remained constant. Since the
emission intensity did not drop immediately after tin(ll) chloride was added (and instantly
dissolved), the quenching effect was not attributed to tin cations. Instead, it could be a result
of the reaction progression, where the electron-withdrawing nitro groups were converted into
electron-donating amines, resulting in ICT stabilisation, promoting BET. Therefore, it was
hypothesised that the reaction rate is strongly dependent on the concentration of tin(ll) chloride

where the rate is the highest once tin(ll) chloride is added, and then sharply decreases.

To test this, the reaction was repeated with 30 equivalents of tin(ll) chloride. The reaction
mixture was analysed by LCMS after 10 minutes and then was left overnight to be analysed
again. As a result, there was no difference in the composition of the reaction mixture after 10
minutes and 20 hours. This suggested a strategy to bring the reaction to completion by adding
the tin(ll) chloride every 10 minutes portion-wise until no emission is observed. Overall, it
required ~170 equivalents of tin(ll) chloride to reduce all three nitro groups of EulL? (Figure
5.14).
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Figure 5.14: LCMS (Method E, Section VI.2.) AC (210-400 nm) for the EuL? to EuL?? reaction mixture after 10
minutes with 150 eq. of tin(ll) chloride and the accurate MS insert at 1.557 min.

This significantly complicated the purification procedure since tin(ll) chloride and related tin
containing side products had similar solubility with EuL?? in alcohols and MeCN. Preparatory
scale HPLC was not feasible due to rapid precipitation of tin byproducts in water, which
complicated the use of a solvent gradient method. In addition, once water is added to the
crude mixture, it would react with tin(Il) chloride to form HCI, leading to a pH = 0 which was
incompatible with the alkyne groups of EuL2. Apart from that, neutralisation of HCI with sodium
hydroxide could lead to decomposition of the complex near the endpoint where europium
could be removed from the macrocyclic ligand by complexation to hydroxide ions. During one
of the neutralisation attempts performed under 365 nm UV irradiation, the endpoint was
unintentionally passed by adding too much base to result in pH = 10. At that point,
europium(lll) red emission was no longer observed, and the attempt to recover the emission
by carefully bringing the pH back to neutral and then slightly acidic was not successful.
Nevertheless, even if neutralisation of the aqueous suspension without EuL??® decomposition
succeeded by using, for instance, a weaker base to minimise the possibility of hydroxide
coordination, the following extraction step would fail since EuL? was insoluble in water
immiscible DCM, EtOAc and diethyl ether (confirmed by LCMS). An attempt to purify EuL?
using normal-phase column chromatography was also unsuccessful since a solvent system,
which would efficiently move the bulky complex containing three hydrogen bond accepting

amines through silica, was not found.

A modification of the method, aimed at reducing the tin to product ratio, where EuL? was drop-
wise added into a concentrated solution of tin(ll) chloride (50 eq.) over the period of 20 hours

did not result in full conversion.

Standard nitro group conditions using a combination of a metal and strong acid were only
tested on the terminal alkyne containing ‘top’ of the chromophore, resulting in formation of a
product with a mass corresponding to a hydrated alkyne. The same was observed when a
weak acetic acid or ammonium chloride were used instead of HCI. Therefore, these conditions

were not further tested on the complex.
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At that point, it was decided to attempt the nitro group reduction at the stage of the
chromophore since the normal extraction method with DCM or EtOAc that gave pure products
17a and 18a would not be yet limited by solubility. To avoid protection and then deprotection
of the amine using such functional group as tert-butyloxycarbonyl (Boc) or
fluorenylmethyloxycarbonyl (Fmoc), it was decided to produce the amine at the latest possible
stage of the chromophore 20. Therefore, 20 was exposed to the same conditions as for the
synthesis of 17a and 17a, resulting in nearly complete conversion after reacting with 10

equivalents of tin(Il) chloride overnight to give 20a (Figure 5.15).
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Figure 5.15: LCMS (Method E, Section VI.2.) AC (210-400 nm) of 20 to 20a reaction mixture after 20 hours with
10 eq. of tin(ll) chloride with the reaction scheme and the MS insert at 1.695 min.

If done earlier in the reaction sequence, the free amine would complicate the purification of
the chromophores’ ‘top’ precursors by normal-phase chromatography. Producing the amine
at the stage of the ‘three-armed’ ligand containing three chromophores would generate the
same incomplete conversion and solubility problems as with EuL??. Deprotection of the amine
from Boc would require acidic conditions which are not compatible with the alkyne, while Fmoc
would get cleaved under basic conditions, for instance, in the Sonogashira reaction step to

make the chromophore.
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Unfortunately, the amine was sensitive towards the following mesylation step. As the reaction
proceeded, the amine on 21a reacted with the methanesulfonic anhydride to produce
methanesulfonamide (Figure 5.16). At this stage, it would be nearly impossible to restore the
amide due to a very strong sulfonamide bond N-S that requires very harsh reductive or acidic
conditions.'%1% To mitigate this, nosylation could be used instead to result in a p-
nitrobenzenesulfonamide with a more labile N-S group that can be cleaved using a thiolate
via nucleophilic aromatic substitution releasing SO,."%*'% This would require further test
reactions and introduce additional reaction steps as well as potentially challenging purification

of the free amine.
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Figure 5.16: 20a to 21a reaction scheme with the undesired 21b product shown (top left); LCMS (Method E,

Section VI.2.) AC (210-400 nm) for the 20a mesylation reaction mixture after 10 minutes (bottom left) and 60

minutes (bottom right) with a MS of the major 21b product shown (top right).

As a last resort, standard nitro group reduction conditions using a combination of a metal and
strong acid were tested on the terminal alkyne containing ‘top’ of the chromophore, resulting
in formation of a product with a mass corresponding to a hydrated alkyne. The same was
observed when a weak acetic acid was used instead of HCI. It could still be possible to produce
EuL? by converting the 20a amine into azide which would remain intact during the following
reaction steps towards the complex. This was not further explored since the position of the
azide and therefore the potential triazole-linked functionalities would affect the photophysical
properties of the resulting chromophore. Although the click-chemistry test reaction worked
successfully with trimethylsilylacetylene, it could be challenging for larger functional groups to
approach the sterically hindered azide due to the two ortho- methoxy groups. At this point, it
was decided to suspend further investigation into the synthesis of EuL?® and EuL?® in favour

of a novel structurally improved target EuL® complex.
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V.2. Structurally improved novel EuL®for complex-stage functionalisation

V.2.1. Introduction to the structural modifications of EuL®

From the photophysical study of EuL? it was established that the introduction of a functional
group directly on the aryl ring of the chromophore negatively impacted its photophysical
properties. In the case of EuL?, the nitro group resulted in a significant reduction in @ and
therefore brightness that would make the material less practically useful. Although not
prepared, EuL? and EuL? derivatives could also produce lower @ as well as r values due to
the electron donating nitrogen lone pair that would lower the ICT state energy and therefore
promote BET. Another problem with the EuL? design was related to the steric hindrance
arising from the trimethoxy substitution of the aryl ring which could not be removed due to a
necessity to maintain the optimal excitation wavelength (near 365 nm). This could pose a
problem when bulky functional substituents such as peptide sequences for cell organelle
targeting need to be introduced. In order to address both issues, a novel EuL® complex was
proposed, where the functionalisation site was separated from the chromophore by a
moderately long alkyl chain originating from the alkoxy oxygen (Scheme 5.5). This would
maintain high electron density of the aryl ring, structurally separate the variable functional
group from the areas of HOMOs and LUMOs while also mitigating the steric hindrance

affecting the complex-stage functionalisation reactions.

Similarly to EuL?, EuL® would contain the azide functionality to perform click-chemistry
cycloadditions. If needed, it could also be reduced to a primary amine using Staudinger
reaction at the complex stage (Scheme 5.5). Similarly to EuL??, EuL3* would allow to expand
the application scope of the complex by introducing compatibility with carboxylic acid bearing

moieties.

There were two positions available for the addition of an alkyl chain to the aryl component of
the chromophore — either ortho or para oxygen (with respect to the alkyne). Para position was
preferred as it was the most distant from the europium(lll) centre and the alkyne than ortho
position, which could allow intramolecular cyclisation under click-chemistry conditions. The
alkyl chain was chosen to be attached using a nucleophilic substitution reaction between a
phenol and dibromo alkane. The second bromine was needed for azide substitution on the
other end of the chain. Due to a relatively high stability of the azide, it could be introduced at

the early stage of the chromophore synthesis and remain intact during the following reactions.
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EuL® EyL32

Scheme 5.5: The proposed reaction sequence for a complex-stage transformation of EuL? to EuL3? via Staudinger
reduction.

V.2.2. Development of the synthetic procedure for EuL?

The starting material for the following transformation was commercially available 3,5 —
dimethoxyphenol that was formylated using a Vilsmeier-Haack reaction (Scheme 5.6). The
method was adapted from a large-scale synthesis using a combination of phosphorus
oxychloride and DMF.'% This reaction was kinetically controlled to minimise the formation of
the 2-hydroxy-4,6-dimethoxybenzaldehyde, which could conveniently be removed by a simple

recrystallisation of 23 from ethanol.

O/\/\/BI’

OH
1,4 - dibromo
POCI3 DMF butane _ NaN;
~ - OCto rt o choa ~ ~ Nal, DMF, it~
° © DMF, 70°C © o
o

24
Scheme 5.6: The reaction sequence to introduce an alkyl azide on the precursor of the chromophore ‘top’.

Since it was not obvious whether the free alcohol would affect the following two-step Corey-
Fuchs transformation, it was decided to functionalise the alcohol with the alkyl azide at this
stage. To accomplish this, 23 was dropwise added to a solution of 1,4-dibromobutane and
potassium carbonate in DMF at 70°C. This was necessary to prevent double substitution
product resulting from two phenols attached to each end of a single alkyne chain by
substitution of both bromines. As a result, 24 containing an alkyl chain with a terminal bromine

that was substituted with an azide in the next step to give 25. In this case, the reaction was
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accelerated using iodide ions which, when replaced bromine on the alkyl chain, created a

better leaving group which increased the reaction rate.

Once the alcohol functionalisation was complete, the standard two-step Corey-Fuchs
transformation was performed on 25 (Scheme 5.7). The first step did not work as well as it did
with 2,4,6-trimethoxybenzaldehyde. The reaction proceeded slowly and required very high
concentration of the Wittig reagent provided by an excess of the tetrabromomethane (2 eq.)
and triphenylphosphine (4 eq.) as well as minimal solvent volume. Only ~50% conversion was
achieved after stirring the solution overnight with no further progress made during additional
24 hours. Therefore, another 4 eq. of triphenylphosphine and 2 eq. of carbon tetrabromide
were added and the solution was stirred for additional 3 hours to result in complete conversion
of 25 into 26, which agreed with strong dependence of the reaction rate on concentration of

the starting material.

MW = 275.31 MW = 249.31
o/\/\/N o/\/\/N3 O/\/\/NH2
PPh3 CBr, nBuL| ii)
o o~ DCM t, 20 h o~ THF.-78 THFR, 78°C ~o o o o
X X
0 I I

2 2

minor major

Scheme 5.7: The reaction sequence for the 2-step Corey-Fuchs transformation of 25.

The next step aimed at transforming the dibromoalkene 26 into a terminal alkyne 27; however,
it gave a product with an incorrect mass which instead corresponded to that of 27a (Figure
5.17). The mass corresponding to 27 was not observed from the LCMS of the crude sample.
To the knowledge of author, the method of azide reduction to amine using n-butyl lithium was
not reported in literature, whereas other reduction methods such as using sodium borohydride

or lithium aluminium hydride were common.
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Figure 5.17: LCMS (Method E, Section VI.2.) AC (210-400 nm) of 26 to 27 reaction mixture with the MS insert at
1.260 min corresponding to the major product 27a.

In order to confirm the efficacy of the new azide reduction method, the experiment would need
to be repeated on a larger scale followed by purification of 27a to confirm the structure by
NMR. Instead, the synthesis of 27 was prioritised and, an alternative reaction sequence was

investigated to avoid the exposure of the azide to n-butyl lithium.

The alternative reaction sequence would introduce the azide after the Corey-Fuchs

transformation. Therefore, it was performed on 23 to give 28 in the first step (Scheme 5.8).

/\/\/Br

Br
PPhs, CBry i) "BuLi; i) Ho0 Bf/\/\/ NaN;
0 DCM rt, 20 h / THF, -78 °C o cho3 o Nal, DMF, rt o o
N || o e || ||

Scheme 5.8: The reaction sequence for the alkyl aZ|de functionalised ‘top’ of the chromophore.

Substitution of the hydroxy group with bromine was not expected since the potential Appel
reaction was not expected to work for halogenation of phenols. The yield of this transformation
remained relatively low (15%) which was also the case in 26. In the synthesis of 26, the yield
could be low due to abstraction of triphenyl phosphine by the azide, which is the first
mechanistic steps in Staudinger reaction (Scheme 5.9 - top). A similar process could occur
when preparing 28, which is the first step of Appel reaction (Scheme 5.9 - bottom).

121



/H S '. PPh3
CBr3

Br—PPh3
OH -HCBr3

Scheme 5.9: Two possible side-processes of the first step of Corey-Fuchs transformation that could affect the yield
of the reactions of 25 to give 26 (top) and 23 to give 28 (bottom).

Both processes could reduce the concentration of ‘free’ triphenylphosphine in the mixture,
resulting in a slower rate of product formation. In addition, they could lead to irreversible
formation of side products as well as reduce the efficiency of purification by chromatography
(simultaneous elution of the product and impurities), leading to a low yield. Therefore, it was
hypothesised that protecting the alcohol group to prevent it from interacting with the reagents
would lead to a substantial yield increase. To test this, 23 was protected with a
triisopropylsilane (TIPS) group and subjected to the first step of the Corey-Fuchs reaction. As
a result, the product was obtained with a 25% vyield, which was higher than that for the
unprotected alcohol but still relatively low. In comparison, the same reaction with
trimethoxybenzaldehyde produced a 36% yield. Moreover, an additional TIPS deprotection
step would be needed, which could result in further total yield decrease. Therefore, no further
optimisations were made at this stage, and 28 was subjected to the second step of the Corey-
Fuchs reaction to produce 29. Normally, after the reaction is quenched with water, followed
by the extraction of the alkyne product from the aqueous solution with DCM or EtOAc. The
use of the same procedure for 29 was unsuccessful as it remained in the aqueous phase.
Therefore, once the reaction was stirred for 10 minutes after quenching, the crude 29 was
isolated from solvents under reduced pressure and redissolved in DMF for the next reaction
with 1,4-dibromobutane to give 30, followed by a nucleophilic substitution to yield the azide

containing ‘top’ of the chromophore 27.

The next reaction step was Sonogashira cross-coupling reaction between 27 and the ‘bottom’
component (13) of the chromophore (Scheme 5.10). Although copper-free reaction conditions
were used, where palladium(l) acted as both catalyst and co-catalyst, there was still a concern
over a possibility of 27 undergoing intramolecularself-polymerisation via click-chemistry
cycloaddition of azide to alkyne, since each molecule contained both functionalities, or , more
likely, intermolecular cyclisation. To prevent this, 27 was added dropwise to a solution

containing the 13 and the catalyst over 5 hours. Once the addition was complete, LCMS
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revealed the presence of a small amount of the product 31, roughly equal amounts of 27 and

the 13 in the reaction mixture and no trace of the cycloaddition product.

The reaction was then left overnight, resulting in complete conversion of the starting materials
with no evidence of cycloaddition product. This suggested that copper-free Sonogashira
reaction conditions were suboptimal for the anticipated click-chemistry cycloaddition.
Therefore, dropwise addition of 27 was not necessary, which was confirmed by the absence
of the cycloaddition product when the reaction was repeated with equivalent concentration of

both chromophore components from the start.

N
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27 31 (L°)

Scheme 5.10: The reaction sequence for the formation of the alkyl azide functionalised chromophore 16 and its
mesylated version 17.

The rest of the synthesis towards EuL® was performed without any modifications (Scheme
5.11) since the azide remained unaffected by mesylation to give 32, alkylation to give 33 and
hydrolysis of the ethyl esters to facilitate complexation in the following step. As a result, EuL3
was prepared with three azide groups per complex molecule to be used for attachment of
various functionalities at the stage of the complex via click-chemistry cycloaddition. The proof-
of-concept functionalisation of EuL® with a D-glucose-containing moiety for an improved live-

cell uptake was described in the following section.
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Scheme 5.11: The reaction sequence for the alkylation, hydrolysis and complexation steps for EuL3.



V.2.3. Proof of concept EulL? functionalisation with a D-glucose derivative

As mentioned earlier, the azide functionality allowed to attach various functional moieties
containing an alkyne group via click-chemistry cycloaddition. To demonstrate this, EuL®was
reacted with a commercially available D-glucose derivative containing an alkyne group under
click-chemistry conditions. The previously tested conditions for the conversion of 18b into 18c
were not suitable for EuL® due to its negligible solubility in water, which was necessary for
solvation of copper-reducing sodium ascorbate. Therefore, a different catalytic system
compatible with such organic solvents as MeCN or DCM-MeOH mixture was used, where
copper(l) chloride was replaced with tetrakis(MeCN)copper(l) hexafluorophosphate
([Cu(MeCN)4]PFs). The use of ([Cu(MeCN)s]PFs) avoided the need for a separate reducing
agent since copper(l) was stabilised by the nitrogen lone pairs provided by MeCN ligands.'”
In addition, ([Cu(MeCN)4]PFs) is unstable in MeCN-water mixture, where it disproportionates
to produce copper(ll) hexahydrate, elemental copper and acetonitrile. This aids the separation

of the water-insoluble europium(lll) complex product from the residual catalyst.

The commercially available source of D-glucose functional moiety 2-propynyl-tetra-O-acetyl-
B-D glucopyranoside contained acetylated alcohols that could be deprotected to release the
sugar (Scheme 5.12). Since the deprotection procedure was relatively straightforward, it was

decided to attach the glucopyranoside in its acetylated form and then remove the acetyl groups

at the complex stage.

OH R o : o o) :
34 . N 3 \,_/)OH |
— > Eu¥ o : :
[Cu(MeCN),JPFg R=R3 3 3
MeCN, rt (ReR™ /N\/ R O o~ HO 3
— = : :
N 4 L

NA/ N A

//E‘u/\N\ _—

VAN

OAc 0 /N\ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

{RisAe :

: | :

OAc o 3

- > EuL3Ac l ‘ Y OAc
[Cu(MeCN),]PFg (R=R38Ac)
MeCN, rt R o o~ AcO

propargy! glucopyranoside.

Therefore, EuL® and the excess of 2-propynyl-tetra-O-acetyl-B-D-glucopyranoside (4 eq.)
were dissolved in MeCN, and [Cu(MeCN)s]PFs was added and stirred at rt overnight to yield
EulL39Ac_ Interestingly, the reaction solution would stop glowing red under UV (365 nm) when
the copper(l) catalyst was added. This feature was used to check if the purified solution of

EuL39A°was free from copper at a purification stage.

The sugars on EuL3%° were then deacetylated using a standard literature procedure — stirring
in 0.1 M solution of sodium methoxide in MeOH.%:1%° After ~1 hour, the reaction completion

was confirmed with LCMS, and the solution was neutralised using Amberlite H* ion exchange
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resin. Once the resin was added, the solution no longer glowed red under UV (365 nm). The
repeated LCMS experiment revealed a significant decrease in product concentration. An
attempt of redissolving the product in different solvents, including, MeCN, DCM, DMF, MeOH
and water was not successful, suggesting a possible irreversible adsorption of the complex to
the resin. This was not investigated further since an alternative reaction sequence was used

instead.

In this new attempt, 2-propynyl-tetra-O-acetyl-B-D-glucopyranoside was first deacetylated to
give the 1-propargyl-B-D-glucopyranoside 34. After that, 4 equivalents of 34 were reacted with
EulL3 using the same cycloaddition reaction conditions to yield EuL?. Successful preparation
of EuL3 was a practical example of the proposed complex-stage functionalisation of EulL?3,
where mild cycloaddition conditions would allow to use a wide range of substrates. This makes
EuL3 a bright versatile material that can be tailored by the end-user to match the desired

application without affecting any photophysical properties, including its CPL-activity.

V.2.4. Photophysical characterisation of EuL®, EuL39 and Eul39¢

In order to confirm the conservation of the photophysical properties in functionalised versions
of EuL?, the essential photophysical properties were compared across the EuL', EuL® and

EuL?¢ series.

The absorption and emission profiles of the EuL® in MeCN matched those of the EuL' (Figure
5.18.A). The absorption maxima (~360 nm, MeCN) matched due to conservation of the
chromophores’ electronic structure and hence the HOMO-LUMO energy gap provided by a
similar electron donating effect of the methoxy (in EuL') and butoxy (in EuL® series)
substituents on the para position of the aryl ring. This also agrees with similar values of ®
(45 £ 1% in EuL' and 42 + 1% in EuL3) and 7 (both 1.0 £ 0.1 ms) for both materials (Figure
5.18.A and C). The molar extinction coefficient (Figure 5.18.B) recorded for EuL3
(81000 + 500 mol' cm™) was slightly higher than that of EuL' (77000 + 500 mol' cm™") which
could be due to a butoxy group being slightly more electron donating than methoxy, providing
a stronger transition dipole. The matching emission band-shapes agreed with the equivalent
local symmetry at the europium(lll) centre. The photophysical measurements for the glucose-
functionalised EuL3? were performed in MeOH since the material was practically insoluble in
MeCN. The data for EuL3? was, again, compared to the reference EuL' to confirm that the
complex-stage functionalisation of the EuL3 did not alter the desired photophysical properties.
As expected, both emission and absorption band shapes matched. The absorption maximum
of EuL39 red shifted from 360 to 365 nm, which was also the case in EuL'. This agrees with
the previous discussion on the dependence of the ICT energy of the chromophore on the H-

bond donating ability of the solvent.
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Figure 5.18. A: Normalised absorption (black), emission (solid red, Aexc = 360 nm) and excitation (dashed red, Aem
= 614 nm) spectra of EuL® in MeCN with the measured @ (absolute method) annotated; B: Dependence of
absorption on the EuL3 concentration in MeCN C: Lifetime plot of EuL® in MeCN (0.1 abs solutions, Aexc = 360 nm,
Aem = 614 nm); D: Normalised excitation spectra of EuL'! (black) and EuL3? (red) in MeOH (Aem = 614 nm);
E: Normalised emission spectra of EuL' (black) and EuL39 (dashed red) in MeOH (Aexc = 365 nm); F: Lifetime plots
of EuL' (black) and EuL39 (red) in MeOH (0.1 abs solutions, Aexc = 365 nm, Aem = 614 nm);

Analytical chiral HPLC of EuL? was successfully performed using the CHIRALPAK IE column,
where the enantiomers eluted slightly later compared to EuL' (Figure 5.19). This could be a
result of an additional steric bulk of the butyl chain that slowed down the elution. The
experiment was not repeated on the preparatory scale, since the CPL properties of the EuL?
series were expected to be equivalent to EuL' and EuL2 Functionalisation of the EulL2
chromophore did result in any changes in the CPL spectra and the gum plots, which were
equivalent to EuL'. In the case of EuL3, the chromophore L® was functionalised even further
away from the europium(lll) centre than in EuL?, suggesting a very high probability of the

conservation of the CPL properties.
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Figure 5.19: The structure of the CHIRALPAK IE chiral HPLC column stationary phase (left) and chiral HPLC AC
(at 360 nm) for the separation of the EuL® enantiomers (solvent: EtOH/MeOH/TEA/TFA at 50/50/0.5/0.3, injection:
10 pL of ~0.5 mg ml"" in MeCN, 2 ml min-") (right). Performed by Dr. Aileen Congreve.
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V.2.5. Comparison of EuL® and EulL® bioimaging performance

As a proof of concept study, NIH3T3 cells were dosed with EuL® and EuL?? and subjected to
laser scanning confocal microscopy (LSCM). The cell dosing parameters such as complex
concentration (5 uM) and incubation time (30 mins) were kept constant. The cell images were
obtained using the same parameters such as the power and wavelength (355 nm) of the laser
excitation source and the A of the emission detection window (600-720nm). As mentioned
previously, complex-stage functionalisation of EuL® with a glucose derivative was expected to
improve the cell uptake. In addition, at least 12 additional hydroxyl groups (15 groups if
glucose takes linear form) were expected to improve the solubility of EuL3? in aqueous media.
As a result, D-glucose-functionalised EuL3? demonstrated a significantly better uptake by live

cells with primarily mitochondrial localisation (Figure 5.20).

Figure 5.20: LSCM of EuL3 (bottom row) and EuL39 (top row) (5 uM, 30 mins loading, x63/1.4 NA oil objective,
96x96 pM FOV, 790 nm axial section) in NIH-3T3 cells, showing total emission (left images, Aex=355nm,
20 mW, Aem =600-720 nm) and overlay between the total emission and transmission. The ROls (yellow squares)
and their average intensity values are shown. Scale bar = 20 ym.
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In contrast to that, the experiment with EuL® under the same conditions failed, resulting in a
large number of precipitated red-emitting clusters with no spatial selectivity, which was in
agreement with very poor solubility of EuL® in aqueous media. In order to quantitatively
compare the difference in performance of EuL® and EuL3? as luminescent dye for live cell
imaging, the average intensities of the two essentially equivalent ROls (targeting cell
mitochondrial network) of the same size were measured on the recorded images. As a result,
the intensity recorded from the cells dosed with EuL3® was nearly double that for EuL3.
Although this method was relatively imprecise due to just a single comparison of two different
cells, it provided a sufficiently accurate estimate of the cell uptake improvement due to

functionalisation of the complex with D-glucose containing functional moieties.

Further optimisation of the EuL3? for bioimaging could involve preparation of the equivalent
material with shorter alkyl chains to improve water solubility and reduce the steric bulk which
could decrease the rate of cell uptake. Water solubility could also be improved by

functionalising the complex with polyethylene glycol (PEG) moieties.
V.3. Unsymmetric EuL* complex for single-arm functionalisation

V.3.1. Investigation of the standard procedure for the preparation of unsymmetric complexes

So far, the new EuL? and EuL® materials designed for the complex-stage functionalisation
have been symmetrical in terms of the structure of three chromophore arms. This, however,
can be a disadvantage in scenarios where complex functionalisation with different groups is
desired. Such design also imposes limitations on selective attachment of the complex
molecules to other moieties, for example, chiral macrocycles, nanoparticles or even viruses,
where the attachment via two or three functionalised chromophores simultaneously could

result in complex geometry distortion or cause undesired aggregation.

The standard method for preparing the unsymmetric complexes (containing different
chromophores on the TACN ring) is selective Boc protection of one or two of the TACN
nitrogen atoms. After that, the alkylation of the partially protected TACN with the arm of one
type is performed, followed by Boc deprotection to allow for the arm of the other type to be
attached. The main issue with such method is the sensitivity of the chromophore alkyne
towards the deprotection conditions that require the use of trifluoroacetic acid. Such acidic
conditions are incompatible with chromophores that contain electron donating substituents at
the para and ortho positions of the aryl ring due to conjugation to the alkyne (Scheme 5.13).
This provides resonance stabilisation for the product of alkyne hydrogenation, which is
susceptible to electrophilic attack of other species such as solvent molecules or the in-situ

formed tert-butoxide.
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Scheme 5.13: A possible mechanism for electrophilic addition to alkyne facilitated by resonance stabilisation from
electron donating ortho and para substituents.

A recent literature example provided a new mild method for Boc deprotection using oxalyl
chloride and MeOH at relatively high yields."'® This method was tested on two complex ligand
precursors that comprised of a mono-protected TACN containing chromophore arms with
different combinations of ‘top’ substituents. In the case when a less electron-donating
combination of substituents (2-methyl, 4- methoxy), the TACN nitrogen deprotection left the
alkynes intact, producing a single peak on the LCMS chromatogram (Scheme 5.21 — left,
2.259 min) On the contrary, the same reaction conditions resulted in multiple alkyne
substitution products with a more electron rich combination of the substituents (Figure 5.21 —
right). As a result, a different synthetic strategy towards an unsymmetric complex with 2,4,6-

trialkoxy substitution of the chromophore was necessary.
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Figure 5.21: LCMS (Method E, Section VI.2.) AC (210-400 nm) sections demonstrating the product of the Boc
deprotection of the complex ligand precursors with a less (left) and more (right) electron donating combination of
‘top’ substituents, and the reaction scheme shown (middle).

129



V.3.2. Preparation of EuL* via sequential alkylation

Normally, alkylation of the TACN proceeds relatively slowly due to the entropic penalty
associated with attaching 3 chromophores to each TACN molecule. Therefore, a slight excess
of the mesylated chromophore (3.5-4 eq.) to push the reaction to completion is used. Based
on this, the unsymmetric complex could be achieved by sequential alkylation of TACN, where
different mesylated chromophores are sequentially added to the reaction mixture. Therefore,
to minimise the extent of the symmetrical complex formation, 1 equivalent of the functionalised
arm could be added first, followed by slightly more than 2 equivalents of the unfunctionalised

chromophore. This, in theory, would yield a singly functionalised complex as a major product.

In order to add another interconvertible functional group to the library of the EuL' based
materials, a carboxylic acid containing chromophore was chosen for the new unsymmetric
EuL* complex. This will provide another example of the versatility of the modular synthetic
approach that allows most common functionalities to be introduced to the chromophore. So
far, such methods as cycloaddition via azide and nucleophilic substitution via amine were
proposed for the complex-stage functionalisation of EuL® with alkyne and carboxylic acid
containing moieties. EuL* will expand the range of compatible functional groups to allow for

the amine containing structures to be attached.

The preparation of the carboxylic acid functionalised chromophore followed the approach as
for the EuL® chromophore, where 29 is prepared first via the two-step Corey-Fuchs reaction
(Scheme 5.8). In order to improve the solubility of the chromophore precursor in organic
solvents and simplify purification of the intermediates, the carboxylic acid functionality was
introduced in a form of ethyl ester. The carboxylic acid can then be obtained at the hydrolysis
stage prior to the complexation. Therefore, 29 was reacted with ethyl 4-bromobutyrate to give

35, which was then coupled with 13 to give the chromophore 36 (Scheme 5.14).

Br O/\/\H/OEt
N (0]
H 0 OEt | _ o
i Br\/\)J\ O/\/\I(l/ N ~ Ms,O
OFt OH 43 © DIPEA
—_—
o 0] K,COg o 0 [Pd(allyl)Cl], THF, tt, 1h
! ' bwmF, 70°C I I TEA
| | ' | | Piperidine
MeCN, 40 °C, 20 h, Ar, MsO
29 35

Scheme 5.14: The reaction sequence for the sensitising chromophore of EuL*.

As discussed earlier, once 36 was mesylated to give 37, only 1 equivalent of it was first added
to TACN, expecting 38i as a major intermediate product (Scheme 5.15). After that, 2.1
equivalents of the mesylated 37 were added to the reaction mixture to alkylate the remaining

two nitrogen positions with unfunctionalised chromophores 15 to give 38.
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Scheme 5.15: The reaction conditions for the sequential alkylation of the TACN with different chromophores,
followed by hydrolysis and complexation.

Once TACN was reacted with 1 equivalent of 37 for 20 hours, a mixture of the singly, doubly
and triply alkylated products was observed, with 38i not being a major product. It was not
possible to determine the relative ratio of the products in the mixture using LCMS, as the
material with the mass corresponding to 38i eluted for a duration of ~1 minute, producing a
very broad low intensity absorbance peak. This can be rationalised by the presence of two
secondary amines that often lead to peak broadening. On the other hand, the lower UV
absorbance could also be a result of lower molar absorption coefficient of a molecule
containing a single chromophore compared to those with two and three chromophores.
Regardless, the reaction did not proceed as expected, suggesting that the rate of the first
alkylation was not faster compared to the second and third alkylation. Although the first
alkylation would be the least sterically hindered, the rate of the first alkylation could drop due
to a reduction in the concentration of the unsubstituted TACN as the reaction proceeded;
however, a further investigation into reaction kinetics was necessary to determine the reaction
order. As a first stage improvement, 37 could be slowly added to the stirring mixture containing
TACN over 20 hours. In addition, a high dilution of the reaction mixture could be implemented.
This would maintain a low ratio of 37 to TACN and 37 to 38i, limiting the extent of the undesired

repeated alkylation.

Nevertheless, the obtained reaction mixture was exposed to a slight excess of mesylated L'
to produce a mixture of products, containing different combinations of the chromophores
attached to the TACN (Figure 5.22).
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Figure 5.22: Annotated section of the LCMS (Method E, Section VI.2.) AC for the 37 to 38 alkylation reaction
mixture with the structures matching the observed [M+H]* shown.

The mixture was then exposed to hydrolysis, followed by complexation to yield a mixture of
complexes (Figure 23). One of the key points to note is a strong dependence of the solubility
of the complexes on the number of the carboxylic acid functionalised chromophores. Hence,
EuL*" and EuL*" were insoluble in organic solvents at neutral pH, while EuL* was sparingly
soluble. Therefore, after the crude mixture was sonicated in MeOH, only EuL* and EuL' were
dissolved and were then separated by reverse-phase HPLC (Method C, Section VI.2.). The
residue in MeOH, which mostly contained EuL*' and EuL*#, was then found to be soluble in
a 1:1 mixture of MeOH and water by adding 0.1 M NaOH until pH = 8. Therefore, if needed,
the two additional materials could be purified using reverse-phase HPLC with a solvent system
containing a small amount of mild base. For example, a previously mentioned literature
example used a gradient of 5 to 70% MeOH in 0.1 M aqueous solution of ammonium
bicarbonate for a phosphinate donor complex containing carboxylate functionalised

chromophores.™
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Figure 5.23: The structures of the complexes obtained during preparation of EuL*.
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V.3.3. Photophysical study of EuL*

Up until EuL?, structural modifications of parent EuL' complex did affect global complex
symmetry, since all three chromophores were equivalent. In this study, inequivalence of the
chromophores was introduced. In small organic chromophores, the whole structure often
contributes to the MOs of the electronic states involved in transitions associated with light
absorption and emission. As a result, most structural modifications are likely to affect the
orbital energies and therefore photophysical properties. In EuL-type complexes, coordination
environment of europium(lll) emitting centre is affected by proximal donor groups
(phosphinate or carboxylate), pyridyl group and the TACN ring. Therefore, structural
modifications or replacement of these proximal structural components would affect CF splitting
of ’F, electronic states. This has been previously evidenced by comparing the regular emission
and CPL spectra of EuL® and EuL' where replacement of a phosphinate donor with a
carboxylate donor altered the bandshape of the AJ = 2 manifold. Other distant structural
modifications, such as that on EuL? and EuL3 did not affect the europium(lll) total emission
and CPL spectra. The same was expected from EuL? even though formally the overall
complex symmetry was lowered. Therefore, EuL* was expected to have identical
photophysical properties to that of EuL*, suggesting another example of EuL-type functional
material with fixed photophysical properties that are independent on the structural
modifications on the top of the chromophore. As expected, there were no significant difference
between the emission, absorption and excitation (Figures 5.24 and 5.25) spectra of EuL* and
EuL', suggesting no detectable effect of the overall molecular symmetry reduction on the
energy and splitting of europium(lll) electronic states. No significant difference was observed
for the emission lifetime (Figure 5.24.B) of EuL* (0.8 + 0.1 ms), which was the same with EuL’

(1.0 £ 0.1 ms) within the experimental error.

1.04 1.0
> 0.8+ > 0.8+
= =
c c
Q ]
£ 06 £ 0.6 r=0.8 £0.1 ms in MeCN
g k]
& @
= 04 = 041
: H £
o =)
Z 0.2 Z 0.2

0.04 #!_I_ 0.0 T T

350 400 600 650 700 0 1 2 3
Alnm Delay Time /ms

Figure 5.24. A: Normalised absorption (black), emission (solid red, Aexc = 360 nm) and excitation (dashed red,
Aem = 614 nm) spectra of EuL* in MeCN; B: Emission lifetime plot (0.1 abs solutions, Aexc= 360 nm, Aem = 614 nm)
of EuL*in MeCN.
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Figure 5.25. A: Normalised excitation spectra (Aem = 614 nm) of EuL' (black) and EuL* (red) in MeCN; B:
Normalised emission spectra (Aexc = 360 nm) of EuL' (solid black) and EuL* (dashed red) in MeCN.

V.3.4. CPL properties of EuL*

Due to the structural similarity between the EuL' and EuL*, the racemic mixture of EuL*
enantiomers was tested against the chiral HPLC conditions previously used for EuL'. As a
result, both CHIRALPAK IE and IB-N5 columns resulted in successful enantiomeric separation

of EuL*(Figure 5.26) with similar to EuL' retention times.
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Figure 5.26: Chiral HPLC ACs (at 360 nm) for the chiral separation of the EuL* enantiomers using CHIRALPAK
IB-N5 (left) and /E (right) (solvent: EtOH/MeOH/TEA/TFA at 50/50/0.5/0.3, injection: 10 uL of ~0.5 mg ml" in MeOH,
2 ml min"). Performed by Dr. Aileen Congreve.

In order to predict whether the structural modification introduced in EuL* would affect the CPL
spectral shape, it is necessary to estimate whether the rotatory strength of the molecule,
governed by electric and MD moments, is affected. For the sensitised lanthanide complexes,
where absorption and emission processes are centred at different parts of the molecule, only
transition dipole moments associated with the emitting lanthanide centre affect CPL (on the
contrary, CD would be dependent on the whole ligand structure). Since the coordination
environment of the europium(lll) centre remained the same, the CF splitting of the "F,
electronic states and therefore the CPL spectral shape must remain unaffected. The same

principle applies to the environment-dependent magnetic and electric transition dipole
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moments that directly affect the rotatory strength of the complex and, therefore, the same gium

values were expected.

As expected, the reduction of overall complex symmetry via a structural modification from the
europium(lll) centre did not affect the CPL properties. The CPL spectral shape of EuL* (Figure
5.28. A) matched EuL' exactly (Figure 5.27.C) within the experimental error. Similarly, the gium
plots (Figure 5.27.B) of the two complexes nearly matched (Figure 5.27.D), while EuL*
produced marginally lower maximal gum values of +0.29 (A-EuL*) and -0.28 (A-EuL?) (both at
601 nm) for AJ = 1 and -0.066 (A-EuL*at 607 nm) and +0.069 (A-EuL*at 607.5 nm) for
AJ = 2. For comparison, the maximum gum values for EuL' were +0.290 at 601 nm and
10.071 at 607.5 nm.

A B
301 Ghum =+0.069 —— A-Eul® 0.3
——A-EuL*
204 0.2+
Ghum =+0.29
104 0.1
>
E E
= 0 5 0.0
- -10 4 -0.1
-20 -0.2
Gium =-0.066
-30 4+— T T T r T r . -0.3 T T )
580 600 620 640 660 680 700 720 580 600 620 640
Alnm A/nm
C 0.6+ D
. —— A-EuL! 0.3 ——A-Eul'’
0.4- - == A-EuL* - == A-Eul*
’E' 0.2-
c
5]
£
E
© S
° 5 0.1
]
z
S 0.0
-1.01 : : , . . , , 0.1 : , ,
580 600 620 640 660 680 700 720 580 600 620 640
Alnm A/nm

Figure 5.27: A: CPL spectra of the A-EuL* (blue) and A-EuL* (red) in MeCN (Aexc = 360 nm, 5 averages); B: gium
plots for the CPL spectra in A (AJ=1 and 2 only); C: Normalised (to the intensity at 614 nm) CPL spectra of the A
enantiomers of EuL' (solid black) and EuL* (dashed red) in MeCN (Aexc = 360 nm, 5 averages); D: gum plots for the
CPL spectra in C (AJ = 1 and 2 only).
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V.4. Discussion and future work

Overall, the comparison of the CPL properties across the EuL?, EuL', EuL? and EulL* series
provided a great insight into the relationship between the CPL spectral shape and structural
features of the complexes. It was established that only those structural modifications that are
proximal to the europium(lll) coordination site can significantly impact the luminescent
properties. The electronic transitions that give rise to photoemission relax europium(lll) from
the °Dy electronic excited state to different ’F, states, each containing 2J+1 degenerate Stark
states for each value of J. When the 4f orbitals of europium(lll) experience the CF of the ligand,
the degeneracy of the Stark states is lifted, resulting in a characteristic fingerprint spectral
shape of each AJ emission manifold. Therefore, in order to alter the spectral shape, the CF
experienced by the 4f orbitals must be changed by structural modifications at the europium(lll)
coordination site or close to it. This was observed when the phenylphosphinate donor groups
in EuL® were swapped with carboxylate groups in EuL', resulting in a completely different
photophysical characteristics, including CPL (Chapter Ill). The further structural modifications
of the top aryl component of the chromophore, such as introduction of a nitro group in EuL?
and functionalisation of the para- alkoxy group in EulL? series did not alter the europium(lll)
luminescence. Even when the total complex symmetry was lowered by functionalising just one
of the three chromophores in EuL?, the CPL properties remained the same. This demonstrated
excellent versatility of such complex-stage functionalisation-compatible europium(lll)
complexes that maintained their photophysical properties in different environments and upon
functional group interconversion. This suggested that EuL® and EuL* complexes were likely
to find application in a number of areas such as security inks, bioimaging and optoelectronics.
These areas are likely to benefit from these environmentally independent bright CPL emitters
that can be covalently linked to practically any functional moiety containing one of the common
potent functional groups such as amine, thiol, carboxylic acid and alkyne. An example of such
modification was the attachment of propargyl glucopyranoside to the azide-functionalised
EuL3 via click-chemistry cycloaddition, while the attachment of other specific organelle-
targeting functionalities can be explored in the future. This significantly improved the live cell
uptake which made EuL?® suitable for live cell bioimaging. The unsymmetric EuL* can be
functionalised in the same way via nucleophilic substitution at the carboxylic acid linker. The
modular synthesis of such complexes allows the ease of their structural modification to
achieve high compatibility with the commercially available functional moieties such as the ones

that are used for specific cell organelle targeting.

On the contrary, EuL? could not be effectively functionalised due to the reactivity issues
caused by large steric hindrance generated by adjacent methoxy groups. On the other hand,

it demonstrated an additional way of modifying the electronic structure of the sensitising
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chromophore in order to induce the dependence of the complex photophysical properties such
as ® on some of the external environmental factors such as pH, temperature, solvent polarity
or oxygen concentration. Introduction of the nitro group on the aryl ring in EuL? decreased the
@ ~4 times, while the r remained essentially the same with that of EuL'. This suggested that
the nitro group facilitated additional NRR pathways during the sensitisation process prior to
the population of the °D, emitting state, for instance, vibrational relaxation via solvent bond
oscillators. Since vibrational relaxation is also a temperature-dependent process, future work
would involve the study of EuL? photophysical dependence on both solvent and temperature.
At the same time, the gum plots for the enantiomers of EuL' and EuL? remained the same,
suggesting that if an external factor dependence of some photophysical quantity of EuL? such
as total emission is established, the constant gum value could then serve as an internal

reference for using EuL? as a reliable self-calibrating sensor.
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Conclusions

A novel bright CPL-active quasi-C; symmetric EuL' complex containing all carboxylate donor
groups was prepared as a racemic mixture of two practically achievable enantiomers. The
enantiomers were then separated using chiral HPLC and photophysically characterised. The
design of EuL' was based on the previously reported EuL® complex which was also prepared
and characterised as part of this work. The only structural difference between EuL® and EuL'
was replacement of all three phenylphosphinate donor groups in EuL? with the carboxylate
equivalents. Such structural modification resulted in significant improvements of photophysical
properties that resulted in EuL' being the best CPL active security ink candidate reported so
far. EuL' was exceptionally bright due to a combination of high values of the @ (45 %) and ¢
(77000 M-" cm™") which resulted in 58% brightness increase compared to EuL®. Apart from the
high value of ¢, sensitisation via the lower-energy ICT state, facilitated by the conjugated
linearly oriented electron rich and depleted structural components of the chromophore,
resulted in EuL' absorption maximum near the 365 nm which suggested the optimal excitation
of the security ink using the commercially available 365 nm UV LED. The occurrence of
multiple NRR processes during the sensitisation resulted in a large pseudo-Stokes shift, which
made EuL' colourless and therefore invisible to the unaided eye unless irradiated with UV
light. In addition, due to the formally Laporte forbidden nature of °D, —’F, transitions, a
relatively long millisecond r of EuL' provided compatibility with the temporal security layer,
authenticated using a microsecond scale delay between the sample illumination (once the
LED rise time has passed) and triggering the exposure. This allows to filter-out any
nanosecond-scale emission of organic fluorophores present in the CST.

Introduction of the bidentate carboxylate donor groups that are more symmetric than
phosphinate donors and have no chrial centre resulted in a significant increase of the
hypersensitive AJ = 2 relative CPL intensity and a substantial CPL sign conservation. The
calculated CPB; values (at 607 nm) of 984 M" cm (using B; for the whole transition) and 590
(using Gi for the first single-sign part of the transition) were higher than that of any other
previously reported material, rendering it to be the best-known candidate for the CPL security
ink so far. As a result, the most intense AJ = 2 could now be used for authentication of the
CPL security instead of AJ = 1 that only contributes ~5% to the total emission. This is
commercially advantageous since ~7 times less material would be required to reach the
detection limit. The CPB;value for AJ = 1 was calculated as 307 M-' cm-!, which was the third
best in terms of AJ = 1 and the best among materials with the same structure type. The CPBF
values for BPF594/10 and BPF610/10 were calculated as 202 and 189 M-' cm™" respectively.
This enabled the use of both AJ = 1 and AJ = 2 opposite-sign transitions for the double CPL

security layer. To demonstrate this, both enantiomers of EuL' were dissolved with PMMA to
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produce thin (~200 nm) films that were subjected to CPLP. Apart from a simple CPL sign
determination via EDCC, the CPLP-specific gcrr was derived and calculated for the
consecutively prepared films. As a result, the obtained gcrir values corresponded to the
average gum values recorded by a PEM CPL spectrometer in the A regions of the
corresponding BPFs. This created a possibility of further sophistication of the CPL security
feature via mixing the two enantiomers in secret proportions to create a unique value of gcpLp
for a genuine CST. In addition, secret A BPFs and LPFs could be used to observe unique gceip
values, incorporating the CPL spectral features into the CPL security layers.

Since the films were transparent, the underlying spin-coating glass substrate introduced a
significant error into the gcpLr measurements due to the reflections of the CP light emitted by
films which resulted in 50% and 30% gcrLr reduction for the 594 + 5 nm and 610 £ 5 nm A
regions respectively. The proposed hypothesis of dissymmetry reduction via reflection induced
CPL sign cancellation from substrate was confirmed by replacing glass with black non-
reflective tape that recovered the magnitude of gcpir. The gepir values remained consistent
across multiple sequentially spin-coated films, suggesting high repeatability and consistent
CPL security feature. From the racemisation studies it was established that EuL' would not
racemise at rt and would remain enantiopure over short exposures to elevated temperatures
in solid-state PMMA film based on a relatively long racemisation z1> of ~190 hours in MeCN
at 60°C. The racemisation barrier in EuL' was energetically lower compared to EuL®
containing bulky phenylphosphinate donor groups which prevented racemisation at 60°C
entirely.

Due to the outstanding CPB of the novel EuL', the structure was used as a platform for novel
EulL?, EuL® and EuL* that were designed to be compatible with the complex-stage
functionalisation. This would broaden the scope of practical applications where a CPL-active
material can be covalently linked to different functional moieties, for example, to live-cell
organelle targeting groups for bioimaging, to chiral polymers for chirality transfer, to other light
absorbing chromophores for tuning the A of sensitisation via Forster resonance ET, to gold
nanoparticles to study the effect of surface plasmon resonance on the CPL and other
applications. The conservation of CPL properties and their insensitivity towards the
environment (solvent) observed across the EuL' — EulL* range suggested positive
commercialisation prospects while also gave an insight into the understudied structure-CPL
relationship in sensitised lanthanide(lll) complexes. It was found that functionalisation of the
complex chromophores away from the europium(lll) coordination environment resulted in no
effect on the CPL spectral shape and therefore the rotatory strength of the molecule. Even
when the overall complex symmetry was reduced by introduction of a structurally different

chromophore in the unsymmetric EuL*, CPL properties remained identical to those in EuL".
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CHAPTER VI. Experimental methods

VI.1. General procedures

All starting materials are commercially available and distributed by Merck. Analytical grade
and HPLC grade solvents were used and degassed using freeze-pump-thaw or cycling where

appropriate.

Silica gel plates on aluminium support (0.2 mm thick, 60 F254, Merck) were used in thin layer
chromatography (TLC) and resolved under UV radiation source at 254 or 365 nm. Flash
column chromatography was manually prepared using silica gel (60 (230-400 mesh,

Flourochem).

'H and *C NMR was performed on a Bruker Advance-400 (H at 400.06 MHz and'*C at 100.61
MHz), a Mercury 400 ('H at 399.95 MHz), a Varian VNMRS-600 ('H at 599.67 MHz and 3C
at 150.79 MHz) or a Varian VNMRS-700 ('H at 699.73 MHz and *C at 175.95 MHz) using
CDCl; and MeOD (Merck). Chemical shifts and J-couplings were reported in ppm and Hz

respectively.

LCMS experiments were performed on Waters Single Quadrupole Detector (SQD)
spectrometer exploiting Acquity ultra-performance liquid chromatography (UPLC) and
electrospray ionisation (ESI) source. The instrument is set up for alternate positive / negative
ion MS scans plus PD array detection. The UPLC exploits Acquity UPLC ethylene bridged
hybrid C1g 1.7 ym (2.1 x 50 mm) analytical column with MeCN — water gradient (Method E —
section VI.2, Table 6.1). Accurate mass measurements were performed on Waters
Quadrupole Time-of-Flight (QToF) mass spectrometer configured for ESI and coupled to an
Acquity UPLC.

VI.2. HPLC separation

V.2.1. Preparative and analytical reverse-phase HPLC and UPLC

Preparative reverse-phase HPLC was performed using a Shimadzu module comprising of a
vacuum degasser (DGU-20ARS5), a Prominence liquid chromatography pump (LC-20AP), a
Prominence UV-Vis detector (SPD-20A) and a communications bus module (CBM-20A).
Sample separation was performed using a preparative XBridge C1s OBD column (19 x 100
mm, 5 uym, flow rate = 17 cm?® min") with fractions collected manually. The solvent system was
a mixture of water and MeCN, where the proportion of the two solvents was varied in time
(Table 6.1, Methods A-D). Analytical UPLC was performed as part of LCMS experiments as

per above (Section VI.1.).
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Table 6.1: Time dependent solvent gradients for HCPL and UPLC.

Method Time/ mins Water fraction /% MeCN fraction /%
0 90 10
Method A 4 %0 10
(10 min gradient 14 0 100
o
from 10%) 19 0 100
21 90 10
0 90 10
Method B 4 %0 10
(15 min gradient 19 0 100
o
from 10%) 24 0 100
27 90 10
0 90 10
Method C 4 90 10
(20 min gradient 24 0 100
0, *
from 10%) 29 0 100
32 90 10
0 70 30
Method D 4 70 30
(15 min gradient 19 0 100
o
from 30%) 23 0 100
26 70 30
0 95 5
0.2 95 5
Method E
, 4 5 95
(Analytical)*
4.5 5 95
5 95 5

*0.1% formic acid in water was used instead of water
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V.2.2. Chiral HPLC.

Chiral HPLC was performed using a Perkin Elmer Series 200 module consisting of a Perkin
Elmer Series 200 pump, autosampler, UV-Vis detector and CHIRALPAK IC column (10 x 250
mm, flow rate = 4.4 cm? min"', isocratic MeOH) for EuL® and either CHIRALPAK IE or IB N-5
columns (4.6 x 250 mm, flow rate = 2 mI min-' at 40 °C, EtOH/MeOH/TEA/TFA at 50/50/0.5/0.3

ratio) for the rest of the materials as specified.
VL1.3. Photophysical measurements

VI1.3.1. Absorption, emission and lifetime measurements

All solution state optical analyses were carried out in quartz cuvettes with a path length of
1.0000 cm. Solid state (PMMA) samples were recorded using a custom-built holder. UV-vis
absorption was measured on an AT/ Unicam UV-vis spectrometer using Vision software
(version 3.33). Emission experiments were performed on an ISA Jobin-Yvon Spex Fluorolog-
3 luminescence spectrometer using DataMax software (version 2.2.10). Lifetime was
measured with a Perkin ElImer LS55 spectrometer using FL Winlab software. All emission
experiments were performed at 1 pM solution concentration. Absolute photoluminescent
quantum vyields were determined using a Horiba FluoroMax Plus fitted with a QuantaPhi-2
integrating sphere. Excitation and emission slits were fixed at 2 nm with neutral density filters
(ThorLabs, NEK01S) used at the excitation aperture to maintain a signal of approximately 10°

cps at the excitation wavelength.

VI1.3.2. CPL spectroscopy

CPL was measured with a home-built (modular) spectrometer.#® The excitation source was a
broad band (200 — 1000 nm) nitrogen purged, laser - driven light source EQ 99 (Elliot
Scientific). The excitation wavelength was selected by feeding the broadband light into an
Acton SP-2155 monochromator (Princeton Instruments); the collimated light was focused into
the sample cell (1.0000 cm quartz cuvette). Sample PL emission was collected perpendicular
to the excitation direction with a lens (f = 150 mm). The emission was fed through a PEM
(Hinds Series Il/FS42AA) and through a linear sheet polariser (Comar). The light was then
focused into a second SM (Acton SP2155) and subsequently on to a PMT (Hamamatsu
H10723 series). The detection of the CPL signal was achieved using the field modulation lock-
in technique. The electronic signal from the PMT was then fed into a lock-in amplifier (Hinds
Instruments Signaloc Model 2100). The reference signal for the lock-in detection was provided
by the PEM control unit. The monochromators, PEM control unit and lock-in amplifier were
interfaced to a desktop PC and controlled by a custom-written LabVIEW 2014b graphic user

interface. The lock-in amplifier provided two signals, an alternating current signal
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corresponding to (/.- Ir) and a direct current signal corresponding to (/.+ Ir) after background
subtraction. Spectral calibration of the scanning monochromator was performed using a
Hg-Ar calibration lamp (Ocean Optics, HG-2). A correction factor for the wavelength
dependence of the detection system was constructed using a calibrated lamp (Ocean Optics,
HL-2000). The measured raw data was subsequently corrected using this correction factor.
The validation of the CPL detection systems was achieved using LEDs at various emission
wavelengths (i.e. 650/50 nm). The LED was mounted in the sample holder and the light from
the LED was fed through a broad band polarising filter and QWP (ThorLabs, LPVISE100-A
and AQWP05M-600) to generate CP light. The emission spectra were recorded with 0.5 nm
step size, and the slits of the detection monochromator were set to a slit width corresponding
to a spectral resolution of 0.25 nm. CPL and total emission spectra were obtained through an
averaging procedure of 5 scans. Prior to all measurements, the QWP and an LED were used

to set the phase of the lock-in amplifier correctly.

VI1.3.3.Circularly polarised luminescence photography (CPLP) and enantioselective differential
chiral contrast (EDCC)

The CPLP handheld instrument for EDCC comprises of an externally triggered Kiralux®
polarisation 5.0 Megapixel CMOS USB camera (CS505MUP1, Thorlabs). It is synchronised
to 2 standalone 365 nm LEDs (Nichia, 5.2V, 500mW) or custom multi-RGB-LED flash
illuminator module (described in Figure 4.20) driven by an internal custom built signal
generator module operating at master frequencies of 0.1, 1 or 10 Hz. This device has been
constructed to be able to provide both a variable illumination (1 ms - 1 s) and image acquisition
(0.027 ms — 14 s) sequence with a constant 20 us time delay between the two pulses to allow
discrimination of short lived organic (ns- us) and long-lived lanthanide pseudo
phosphorescence (ms). The chiroptical separator of the apparatus comprises of the built in
pixel decoded wire grid polariser array complemented by a precisely aligned broad
wavelengths (A = 400 — 800 nm) QWP (Thorlabs AQWP05M-600), a machine vision (Navitar
f=25mm/F1.4) objective lens (interchangeable to a LWD f = 50 mm/F2.8 lens and 0.63x video
relay lens (Edmund Optics) for epifluorescence microscopy) and a selectable filter wheel
containing high precision narrow BPFs (such as Edmund Optics BPF546/10, BPF589/10,
BPF594/10, and BPF610/10) to achieve chromatic discrimination.

Camera control and image acquisition were performed with ThorLab’s commercial camera
software ThorCam™ or an adapted custom LabView code to facilitate time-resolved detection
and controlled external camera triggering. The camera was operated in quad where the 16-bit
overlayed total image has been split up into four individual 8-bit images decoding each wire

grid polariser state orientation (0, 90, +45 and -45 degree) captured image as a 2 x 2 array in
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one captured frame. These images were generated by the area-defined crop and paste image
generation without pixel position reassignment, followed by EDCC image calculations using a
custom written macro operating the ImagedJ software (v1.53) software pre-installed image
calculation plugin:

original = getlmagelD; title = getTitle; height = getHeight; width = getWidth; halfWidth = width / 2; halfHeight =
height / 2 makeRectangle(0, 0, halfWidth, halfHeight); run("Duplicate...", "titte=TE1"); selectimage(original);

makeRectangle(halfwidth+1, 0, width, halfHeight); run("Duplicate...", "titte=R"); selectimage(original);
makeRectangle(0, halfHeight+1, halfWidth, height); run("Duplicate...", "title=L"); selectimage(original);
makeRectangle(halfWidth+1, halfHeight+1, width, height); run("Duplicate...", "titte=TE2"); Stack.setXUnit("mm");
Stack.setYUnit("mm");  run("Properties...",  "channels=1  slices=1  frames=1 pixel_width=0.0156250

pixel_height=0.0156250 voxel_depth=25.4001000 global"); imageCalculator("Add create", "TE1","TE2");
selectimage("Result of TE1"); rename("TE45.1if"); imageCalculator("Subtract create", "TE1","TE2");
selectimage("Result of TE1"); rename("T1-T2.tif"); imageCalculator("Subtract create", "TE2""TE1");
selectimage("Result of TE2"); rename("T2-T1.tif"); imageCalculator("Add create", "L","R"); selectimage("Result of
L"); rename("L+R.tif"); imageCalculator("Subtract create", "L+R.tif","TE45.1if"); selectimage("Result of L+R.tif");
rename("(L+R)-TE45.tif");  imageCalculator("Subtract create", "L""R"); selectimage("Result of L")
rename("LCPL.tif"); imageCalculator("Subtract create", "R","L"); selectimage("Result of R"); rename("RCPL.tif");
selectimage("TE1"); close(); selectimage("TE2"); close(); selectimage('L"); close(); selectimage("R"); close();
selectimage("TE45.1if");//setTool("rectangle"); makeRectangle(0, 0, 36, 25); run("Fill", "slice"); //setTool("text");
setFont("Arial", 55, " antialiased"); setColor("yellow"); Overlay.drawString("TE45", 5, 45, 0.0); Overlay.show();
selectimage("L+R.tif");//setTool("rectangle"); makeRectangle(0, 0, 36, 25); run("Fill", "slice"); //setTool("text");
setFont("Arial", 55, " antialiased"); setColor("yellow"); Overlay.drawString("L+R", 5, 45, 0.0); Overlay.show()
selectimage("(L+R)-TE45.1if"); //setTool("rectangle"); makeRectangle(0, 0, 36, 25); run("Fill", "slice");
/IsetTool("text"); setFont("Arial", 55, " antialiased"); Overlay.drawString("(L+R) - TE45", 5, 45, 0.0); Overlay.show();
selectimage("LCPL.1if"); //setTool("rectangle"); makeRectangle(0, 0, 36, 25); run("Fill", "slice"); //setTool("text");
setFont("Arial", 55, " antialiased"); setColor("yellow"); Overlay.drawString("LCPL (L-R)", 5, 45, 0.0);
Overlay.show(); selectimage("RCPL.tif"); //setTool("rectangle"); makeRectangle(0, 0, 36, 25); run("Fill", "slice");
/IsetTool("text"); setFont("Arial", 55, " antialiased"); setColor("yellow"); Overlay.drawString("RCPL (R-L)", 5, 45,
0.0); Overlay.show(); selectimage("T1-T2.tif"); //setTool("rectangle"); makeRectangle(0, 0, 36, 25); run("Fill",
"slice"); //setTool("text"); setFont("Arial", 55, " antialiased"); setColor("yellow"); Overlay.drawString("T1-T2", 5, 45,
0.0); Overlay.show(); selectimage("T2-T1.1if"); //setTool("rectangle"); makeRectangle(0, 0, 36, 25); run("Fill",
"slice"); //setTool("text"); setFont("Arial", 55, " antialiased"); setColor("yellow"); Overlay.drawString("T2-T1", 5, 45,
0.0); Overlay.show(); selectimage("TE45.tif"); selectimage("RCPL.1if"); selectimage("TE45.tif"); run("Flatten");
selectimage("TE45.tif"); close(); selectimage("LCPL.tif"); run("Scale Bar...", "width=5 height=10 thickness=30 hide
overlay"); run("Flatten"); selectimage("LCPL.tif"); close(); selectimage("(L+R)-TE45.1if"); run("Scale Bar...",
"width=5 height=10 thickness=30 hide overlay"); run("Flatten"); selectimage("(L+R)-TE45.tif"); run("Scale Bar...",
"width=5 height=10 thickness=30 hide overlay"); close(); selectimage("T2-T1.tif"); run("Scale Bar...", "width=5
height=10 thickness=30 hide overlay"); run("Flatten"); selectimage("T2-T1.tif"); close(); selectimage("T1-T2.tif");
run("Scale Bar...", "width=5 height=10 thickness=30 hide overlay"); run("Flatten"); selectimage("T1-T2.tif"); close();
selectimage("RCPL.tif"); run("Scale Bar...", "width=5 height=10 thickness=30 hide overlay"); run("Flatten");
selectimage("RCPL.1if"); close(); selectimage("L+R.tif"); run("Scale Bar...", "width=5 height=10 thickness=15 hide
overlay"); run("Flatten"); selectimage("L+R.tif"); close(); selectimage("LCPL-1.tif"); rename("LCPL.tif");
selectimage("T2-T1-1.tif"); rename("T2-T1.tif"); selectimage("(L+R)-TE45-1.tif"); rename("(L+R)-TE45.tif");
selectimage("RCPL-1.1if"); rename("RCPL.1if"); selectimage("T1-T2-1.tif"); rename("T1-T2.tif"); selectimage("L+R-
1.tif"); rename("L+R.tif"); selectimage("TE45-1.tif"); rename("TE45.tif"); run("Concatenate...", " title=Stack keep
open image1=L+R.tif image2=(L+R)-TE45.tif image3=LCPL.tif image4=RCPL.tif image5=[-- None --]"); run("Make
Montage...", "columns=2 rows=2 scale=1 border=5"); rename("CPLP"); selectimage("Stack"); close();
selectimage("TE45.1if"); close();

Images were recorded with the camera’s native 2448 x 2048-pixel FOV without image

)

cropping with total accumulated integration time varied from 20 ms to 1 s with 5 — 32 frame
averaged sequences. The total integration time has been determined case by case by careful
monitoring of maximum 8-bit pixel values to eliminate pixel saturation and achieve maximum

overall image brightness for EDCC calculations.

The all-important 8-bit average pixel chiroptical contrast value calculations were facilitated by
selecting and averaging equal size and shape arbitrary area portions of the sample using a

custom written macro operating the ImageJ analyse-measure plugin with mean ROI intensity
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value mode that employs a maximum average value ROI histogram methodology that is based
on a standard Gaussian distribution profiling of the average intensity values:

makeRectangle(580, 400, 250, 250); run("Properties... ", " width=5"); run("Add Selection..."); run("Measure");
makeRectangle(580, 1425, 250, 250); run("Properties... ", " width=5"); run("Add Selection..."); run("Measure");
makeRectangle(1805, 1425, 250, 250); run("Properties... ", " width=5"); run("Add Selection..."); run("Measure");
makeRectangle(1805, 400, 250, 250); run("Properties... ", " width=5"); run("Add Selection..."); run("Measure");

VI.3.4. Two photon cross section determination

The two photon cross-section (¢?) is calculated according to the established procedures: '

2 _ Fs drCr U}%
¢sCs Fr

where S is sample, R is reference, ¢ is the total emission quantum yield of the sample (¢s), C

o

is the concentration, n is the refractive index and Fs (A) and Fr (A) are the integrated total
emission spectra for the sample and reference, respectively. Additionally, the two-photon
nature of the excitation process was proven by recording an excitation power dependence;
the resulting line has a slope of two on a logarithmic scale.”® The cross sections were

calculated with reference to RhB in methanol.

Two photon spectroscopy was performed using a tuneable femtosecond pulsed laser (680 —
1300 nm, Coherent Discovery TPC, 100 fs, 80 MHz) perpendicularly mounted to an Ocean
Optics HR2000Pro (2048- pixel linear CCD Sony ILX5 chip, 200 uym slit, H3 grating, 350 — 850
nm spectral region) spectrometer.?° The laser beam was focused onto the centre of the 1.0000
cm path sample holder (Thor labs CVH100) by a dedicated ultrafast laser lens (Edmund Optics
11711, f = 50 mm). The spectrometer was also equipped with a perpendicularly mounted 365
nm LED Nichia, 1W) and been operated using a modified version of the above-mentioned
custom time resolved detection and accumulation algorithm written in Labview2013 software.
In order to eliminate unwanted artefacts associated with stray light from multiphoton excitation
the spectrometer was equipped with a rotating filter wheel (Thor Labs, CFW6) housing an
LPF420 (Comar Optics, for 365 nm UV-LED excitation) and SPF650 and SPF700 (Edmund
Optics, 8472 and 8474) short pass filters.

VI1.4. Spin coating and atomic force microscopy

Spin coating solutions contained 22 mg PMMA (average M. ~15000 by gel permeation
chromatography, density 1.18 g cm=)and ~15 ug of EuL (obtained by preparing 5 ml of 0.18
max absorbance solution and then evaporating the solvent) dissolved in 0.500 ml of DCM.
This resulted in PMMA concentration of 44 mg mL™" in DCM and 650 uM EuL concentration in
PMMA. The solutions were spin coated on 1*1.5 cm cut glass microscope slides. To prepare

films on the black electrical tape substrate, the tape was attached to the glass substrates and
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cut to size. Each film was prepared by casting 10 ul of the solution on the substrate spinning
at 8000 rpm.

AFM was performed on an SPM SmartSPM™-1000 (AIST-NT) which consisted of the base
and scanning head, both operated by a scanning probe microscopy controller. The base
contained the sample metal holder that allowed for magnetic attachment of the SPM specimen
discs (15 mm, Agar Scientific) containing a sample that was attached to the specimen discs
using carbon tabs (9 mm, Agar Scientific). The metal holder was attached to a digitally
controlled (SmartSPM software) motorised positioning system allowing for translation of the
sample holder vertically (18 mm range) and horizontally (5 x 5 mm). The scanning head
comprised of a cantilever probe holder, laser and a four-sectional PD. The probe was a silicon
tip with the 10 nm diameter and force constant of 0.02 - 0.77 N/m designed for contact-mode
(NANOSENSORS™).

VL.5. Live cell imaging using laser scanning confocal microscopy

LSCM experiments were conducted using NIH3T3 embryonic mouse skin fibroblast cell line
(ATCC, CRL-1658), established and maintained in a category 2 cell culture facility. Cells were
maintained in exponential growth as monolayers in DMEM F-12 (Dulbecco's Modified Eagle
Medium) supplemented with 10% foetal bovine serum. Cells were grown in 75 cm? plastic
culture flasks and incubated at 37 °C, 10% humidity and 5% (v/v) CO.. Cells were harvested
by treatment with 0.25% (v/v) trypsin solution in phosphate-buffered saline for 5 min at 37 °C.
The cells were dosed with 1 mM stock solutions of EuL® and EuL3? in DMSO that were diluted
to 5 uM in DMEM, maintaining less than 1% (v/v) DMSO concentration. The cells were grown
in ibidi chamber slides until ~80% confluency for dosing and 30 minutes. The EuL® and EuL3¢

containing media was replaced with the media lacking phenol red.

LSCM was performed using Leica Microsystems SP5 Il microscope with PE provided by a
fibre coupled 80 mW variable power 355 nm Nd:YAG continuous wave laser. The intensity of
emission was quantified by fibre-coupled high performance matched tandem avalanche PDs
(Leica ADPs, Becker & Hickl ID-120). Images were processed using ImagedJ software (version

1.53q) and its associated plugins.
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VI.6. Synthetic Procedures
Ethyl (6-methyl-4-nitropyridin-2-yl)(phenyl)phosphinate, 1%°

NO,
3
42
P~ (|)|/O\11/12
6 N1 "R
N8
8 9
9 10

2-bromo-6-methyl-4-nitropyridine (4.00 g, 18.4 mmol, 1 eq.) was dissolved in anhydrous
toluene. The solution was degassed (freeze-pump-thaw x 3) before TEA (9 ml), ethyl
phenylphosphinate (3.20 ml, 21.2 mmol, 1.2 eq.) and [1,1-bis(diphenylphosphino)
ferrocene]dichloropalladium (1) (0.756 g, 0.926 mmol, 0.05 eq.) were added. The resulting red
solution was stirred at 120 °C for 16 hours under argon to produce a black residue. The solvent
was then removed under reduced pressure, and the residue dissolved in DCM. The solution
was washed with 1 M HCI (20 ml x 3) and water (20 ml x 2), followed by extraction of the
combine aqueous layers with DCM (10 ml x 3). The combined organic layers were dried over
Na SO, and filtered. The solvent was removed under reduced pressure to result in a black
solid that was then purified by flash chromatography (solid loading, silica, 1:3 to 3:2 EtOAc to
hexane) to yield a yellow oil (1.15 g, 3.748 mmol, 20%).

"H NMR (400 MHz, CDCls) 6 8.47 (1 H, dd, 3Ju.p 6.2, “Jus 2.0, H2), 7.89 (2 H, ddd, 3J.r 12.3,
3Jnn 8.2, “nn 1.5, HE), 7.84 (1 H, t, “Jrn 1.5, HY), 7.46 (1 H, td, 3Jun 7.5, {un 1.5, H'), 7.38
(2 H, td, 3Jun 7.7, “Jnp 3.8, H), 4.14-4.03 (2 H, m, H'"), 2.64 (3 H, s, H%), 1.29 (3 H, t, 7.1,
H2).
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Figure 6.1: '"H NMR (400 MHz, CDCl3) spectrum of 1.
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Ethyl (4-bromo-6-methylpyridin-2-yl)(phenyl)phosphinate, 28°
Br
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Ethyl(6-methyl-4-nitropyridin-2-yl)(phenyl)phosphinate, 1 (1.15 g, 3.748 mmol, 1 eq.) was
dissolved in acetyl bromide (12.0 ml, 162 mmol, 43 eq.), and the solution was stirred at 70 °C
for 10 hours. After the reaction mixture was allowed to cool to rt., it was dropwise added to
stirring ice-cold MeOH (30 ml). Once added, the mixture was stirred at rt for further an
additional 1 hour before the solvent was removed under reduced pressure to yield dark red
oil. The oil was then dissolved in triethyl orthoformate (30.0 ml, 180 mmol, 48 eq.) and refluxed
at 120 °C for 65 hours under argon. The solvent was then removed under reduced pressure
to yield brown oil which was purified by flash chromatography (silica, DCM to 0.8 % MeOH in
DCM) to yield pale yellow oil (442 mg, 1.30 mmol, 35 %).

LCMS (ESI*) m/z 340.144 [M+H]".

"H NMR (400 MHz, CDCl3) & 8.04 (1 H, dd, 3Jip 6.2, 4Jun 1.8, H2), 7.95 (2 H, ddd, 3Jne 12.2,
3Jin 8.1, 4nn 1.5, H8), 7.50 (1 H, td, 3Jpn 7.5, 4dun 1.5, H'0), 7.42 (2 H, td, 3un 7.4, *Jnp 3.7,
HO), 7.36 (1 H, t, “Jrn 1.4, H*) 4.18-4.03 (2 H, m, H'"), 2.51 (3 H, s, HY), 1.33 (3 H, t,3Jun 7.1,
H2),
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Figure 6.2: LCMS (Method E) of 2 AC (210-400 nm) (top) and the MS (ESI*) at 2.275 min (bottom).
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Figure 6.3: "H NMR (400 MHz, CDCl3) spectrum of 2.
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Ethyl (4-bromo-6-methyl-1-oxo-pyridin-2-yl)(phenyl)phosphinate, 3%°

Ethyl (4-bromo-6-methylpyridin-2-yl)(phenyl)phosphinate, 2 (442 mg, 1.30 mmol, 1 eq.) and
meta-chloroperoxybenzoic acid (500 mg, 2.90 mmol, 2.2 eq.) were dissolved in anhydrous
CDCl; (8 ml) and refluxed at 65°C for 20 hours under argon. After that, solvent was removed
under reduced pressure to give yellow residue which was redissolved in DCM (15 ml) and
washed with 0.5 M sodium bicarbonate (15 ml x 4), followed by extraction of the combined
aqueous layers with DCM (15 ml x 3). The combined organic layers were then dried over
Na>SO, filtered and concentrated. The crude product was purified by flash chromatography
(DCM to 2.5 % MeOH in DCM) to yield yellow oil (245 mg, 0.689 mmol, 53%);

LCMS (ESI*) m/z 356.144 [M+H]".

"H NMR (400 MHz, CDCls) & 8.05 (1 H, dd, 3Jup 7.8, 4Jun 2.9, H2), 7.97 (2 H, ddd, 3Jue 13.7,
3J1n 8.3, 4drn 1.5, H8), 7.50 (1 H, td, 3Jnn7.5, 4w 1.5, H'0), 7.45 (1 H, d, “Jn 3.0, HY), 7.41
(2 H, td, 3nn 7.7, {up 4.1, HO), 4.17-4.08 (2 H, m, H'), 2.32 (3 H, s, H%), 1.34 ( 3 H, t, 3Jun
7.1, H"),
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Figure 6.4: LCMS (Method E) of 3 AC (210-400 nm) (top) and the MS (ESI*) at 1.763 minutes (bottom).
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Figure 6.5: '"H NMR (400 MHz, CDCl3) spectrum of 3.
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Ethyl [4-bromo-6-(hydroxymethyl)pyridin-2-yl](phenyl) phosphinate, 5%

Br
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Trifluoroacetic acid anhydride (2.00 ml, 14.4 mmol, 21 eq.) was added to the solution of ethyl
(4-bromo-6-methyl-1-oxo-pyridin-2-yl)(phenyl)phosphinate, 3 (245 mg, 0.689 mmol, 1 eq.) in
anhydrous MeCN (5 ml). The resulting green solution was refluxed at 60°C for 6 h under argon
until the formation of trifluoroacetate ester 4 was complete ("H NMR: 6 H*2.32 — 5.46 ppm).
The solvent was removed under reduced pressure, and the residue was redissolved in a 1:1
solution of ethanol and water (10 ml). The resulting solution was stirred at rt for 17 hours
followed by evaporation of the organic solvent under reduced pressure. The resulting aqueous
solution was extracted with DCM (20 ml x 3), and the combined organic layers were dried over
Na,SO., filtered and concentrated. The crude product was purified by flash chromatography
(silica, DCM to 2.5 % MeOH in DCM) to yield yellow oil (104 mg, 0.292 mmol, 42 %).

"H NMR (400 MHz, CDCl3) & 8.10 (1 H, dd, 3Jip 6.0, 4Ju+ 1.8, H2), 7.92 (2 H, ddd, 3Jue 12.3,
30hn 8.3, {nn 1.4, H8), 7.61 (1 H, t, “nn 1.4, HY), 7.54 (1 H, td, 3Jun 7.5, 4dnn 1.5, H10), 7.46
(2 H, td, 3Jnn 7.7, {np 3.7, HY), 4.74 (2 H, s, H®), 4.19-4.05 (2 H, m, H™), 1.36 ( 3 H, t, 3Jun
7.0, H™),

LCMS (ESI*) m/z 356.144 [M+H]".
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Figure 6.6: LCMS (Method E) of 5 AC (210-400 nm) (top) and the MS (ESI*) at 1.785 minutes (bottom).
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Figure 6.7: '"H NMR (400 MHz, CDCls) spectrum of 5.
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2-(2,2-Dibromovinyl)-1,3,5-trimethoxybenzene, 6%°

A solution of CBrs (1.69 g, 5.10 mmol, 2 eq.) in anhydrous DCM (3 ml) was dropwise added
to a cooled (ice bath) solution of 2,4,6-trimethoxybenzaldehyde (0.5 g, 2.5 mmol, 1 eq.) and
PPh3 (5.36 g, 20.5 mmol, 10 eq.) in anhydrous DCM (3 ml), and the resulting solution was
stirred at rt for 20 hours under argon. After that, the solution was washed with water
(10 ml x 5) followed by extraction of combined aqueous layers with DCM (10 ml x 3). The
combined organic layers were dried over Na;SOs, filtered and concentrated. The crude
product was purified by column chromatography (silica, 30 to 50 % DCM in hexane) to yield
white solid (321 mg, 0.912 mmol, 36%).

LCMS (ESI*) m/z 351.051 [M+H]".

'H NMR (400 MHz, CDCls) § 7.19 (1 H, s, H'™), 6.11 (2 H, s, H'"), 3.83 (3 H, s, H®), 3.81 (6
H, s, H');
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Figure 6.8: LCMS (Method E) of 6 AC (210-400 nm) (top) and the MS (ESI*) at 2.875 minutes (bottom).
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Figure 6.9: 'H NMR (400 MHz, CDClI3) spectrum of 6.
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2-Ethynyl-1,3,5-trimethoxybenzene, 78°

14| |
13

2-(2,2-dibromovinyl)-1,3,5-trimethoxybenzene, 6 (321 mg, 0.912 mmol, 1 eq.) was dissolved

in anhydrous THF and cooled to -78 °C (acetone, dry ice). 1.6 M solution of n-butyllithium in
hexane (1.5 ml, 2.4 mmol, 2.6 eq.) was then added dropwise, and the resulting orange solution
was stirred for 20 minutes at -78 °C. After that, water (4 ml) was added dropwise, and the
resulting green solution was stirred at rt for additional 30 minutes. After that, the organic
solvents were removed under reduced pressure, and the resulting aqueous solution was
extracted with ethyl acetate (20 ml x 3). The combined organic layers were washed with brine,
dried over Na>SOy, filtered and dried under reduced pressure to yield yellow solid that was
used without further purification (0.171 g, 0.890 mmol, 98%).

LCMS (ESI*) m/z 193.104 [M+H]".

H NMR (400 MHz, CDCls) 56.10 (2 H, s, H'7), 3.88 (6 H, s, H'%), 3.83 (3 H, s, H?), 3.50 (1
H, s, H').
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Figure 6.10: LCMS (Method E) of 7 AC (210-400 nm) (top) and the MS (ESI*) at 1.883 minutes (bottom).
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Figure 6.11: '"H NMR (400 MHz, CDCls) spectrum of 7.
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Ethyl [6-(hydroxymethyl)-4-[2-(2,4,6-trimethoxyphenyl)ethynyl] pyridin-2-

yl](phenyl)phosphinate, 8

©

10

2-ethynyl-1,3,5-trimethoxybenzene 7 (0.0613 g, 0.319 mmol 1.1 eq.), ethyl [4-bromo-6-
(hydroxymethyl)pyridin-2-yl](phenyl) phosphinate 5 (0.104 g, 0.290 mmol, 1 eq.) and
[Pd(allyl)Cl]2 (0.0106 g, 0.0290 mmol, 0.1 eq.) were dissolved in anhydrous MeCN (3 ml) and
degassed (freeze-pump-thaw x 3). After that, P(‘Bu); (20 ul, 0.087 mmol, 0.3 eq.) and
piperidine (110 pl,1.16 mmol, 4 eq.) were added, and the resulting solution was stirred at 40°C
for 20 hours under argon. Organic solvents were then evaporated under reduced pressure,
and the residue was dissolved in DCM (3 ml). The resulting solution was washed with water
(5 ml x 3), followed by extraction of the combined aqueous layers with DCM (5 ml x 3). The
combined organic layers were then dried over Na>SOyg, filtered and isolated from solvent under
reduced pressure. The resulting dark red oil was purified using reverse-phase HPLC (Cis,

Method B, retention time = 10 minutes) to yield yellow oil (32 mg, 0.068 mmol, 23%).
LCMS (ESI*) m/z 468.292 [M+H]*.

"H NMR (400 MHz, CDCl3) 5 8.15 (1 H, d, 3Jup 6.5, H2), 7.97 (2 H, ddd, 3Jne 12.3, 3Jun 8.3,
“un 1.4, H), 7.54 (1 H, td, 3Jnn 7.5, {nn 1.5, H3), 7.47 (2 H, td, Jun 7.7, {ne 3.7, H®), 7.40
(1H,t, "Jrn 1.4 HY), 6.10 (2 H, s, H'7), 4.74 (2 H, d, “Jun 1.4, H®), 4.19-4.05 (2 H, m, H™"), 3.89
(6 H, s, H'®), 3.85 (3H, s, H?), 1.38 (3 H, t, Jun 7.1, H'2);
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Figure 6.12: LCMS (Method E) of 8 AC (210-400 nm) (top) and the MS (ESI*) at 2.312 minutes (bottom).
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Figure 6.13: '"H NMR (400 MHz, CDCls3) spectrum of 8.
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{4-[2-(2,4,6-Trimethoxyphenyl)ethynyl]-6-[ethoxy(phenyl)phosphoryl]

pyridin-2yl}methyl methanesulfonate, 9%°

9 10

Ethyl [6- (hydroxymethyl)-4-[2-(2,4,6-trimethoxyphenyl) ethynyl] pyridin-2-yl] (phenyl)

phosphinate 8 (32 mg, 0.068 mmol, 1 eq.) was dissolved in anhydrous THF (3 ml). N,N-
Diisopropylethylamine (DIPEA) (120 pl, 0.520 mmol, 7.6 eqg.) and methanesulfonic anhydride
(48 mg, 0.278 mmol, 4 eq.) were added, and the resulting solution was stirred at rt for 4h
under argon. After that, organic solvents were then evaporated under reduced pressure, and
the residue dissolved in DCM (10 ml). The resulting solution was washed with water (15 ml x
3), followed by extraction of the combined aqueous layers with DCM (15 ml x 3). The combined
organic layers were then dried over Na>SOy, filtered and isolated from solvent under reduced

pressure to yield dark yellow oil that was used in the next step without further purification.

"H NMR (400 MHz, CDCl3) 6 8.22 (1 H, dd, 3Ju.r 6.2, “Jun 1.4, H2), 7.97 (2 H, ddd, 3Ju.r 12.3,
3Jun 8.3, “nn 1.4, H), 7.60 (1 H, t, “Jrn 1.5, HY), 7.57 (1 H, td, 3Jun 7.5, {un 1.5, H'0), 7.47
(2 H, td, 3Jun 7.7, {np 3.7, HY), 6.14 (2 H, s, H'7), 5.32 (2 H, s, H°), 4.19-4.05 (2 H, m, H™),
3.93 (6 H, s, H'), 3.88 (3H, s, H2), 1.40 ( 3 H, t, 3Jun 7.1, H'2).
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Figure 6.14: "H NMR (400 MHz, CDCI3) spectrum of 9.
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1,4,7-Tris({4-[2-(2,4,6-trimethoxyphenyl)ethynyl]-6[ethoxy(phenyl)phosphoryl]pyridin-2-

yl}methyl)-1,4,7-triazacyclononane, 10%°
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Ethyl [6-(hydroxymethyl)-4-[2-(2,4,6-trimethoxyphenyl)ethynyl] pyridin-2yl](phenyl)

phosphinate, 9 (0.068 mmol, 3.4 eq.), TACN.3HCI (4.7 mg, 0.020 mmol, 1 eq.) and K>CO3
(19.2 mg, 0.139 mmol, 7 eq.) were dissolved in anhydrous MeCN (2 ml) and stirred at 60°C
for 20 hours under argon. After that, MeCN was removed under reduced pressure, and the
crude was redissolved in MeOH for the use in the next step without purification.
LCMS (ESI*) m/z 1477.840 [M+H]*.
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Figure 6.15: LCMS (Method E) of 10 AC (210-400 nm) (top) and the MS (ESI*) at 3.078 minutes (bottom).
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EuLO 80

1,4,7-Tris({4-[2-(2,4,6-trimethoxyphenyl)ethynyl]-6[ethoxy(phenyl)phosphoryl]pyridin-2-
yl}methyl)-1,4,7-triazacyclononane 12 (0.020 mmol) was dissolved in MeOH (2 ml) and water
until white precipitate persisted. The pH of the resulting solution was adjusted to 12.5 using
1M NaOH, and the solution was stirred at 60°C for 72 hours, while its pH was monitored and
periodically adjusted to 12.5 until hydrolysis completion was confirmed by LCMS. After that,
the solution pH was readjusted to 6.5 using 0.5 M HCI. EuCl3.6H>0 was then added (8.0 mg,
0.022 mmol, 1.1 eq.) and the resulting solution was stirred at rt for 18 hours. The solvents
were then evaporated under reduced pressure to yield white solid which was purified using
reverse-phase HPLC (C18, Method A, retention time = 13.5 minutes) to yield white solid (13
mg, 0.0084 mmol, 42% over three steps).

HRMS (ES|+) m/z 1541.3539 [M"‘H]+ (C75H72151EUN6015P3 requires 1541 .3545).
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Figure 6.16: LCMS (Method E) of EuL® AC (210-400 nm) (top) and the MS (ESI*) at 2.882 minutes (bottom).
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Figure 6.17: Simulated (top) and recorded (bottom) accurate MS (ESI*) of EuL®.
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Diethyl 4-bromopyridine-2,6-dicarboxylate, 12°

A solid mixture of chelidamic acid (1.64 g, 8.97 mmol, 1 eq.) and phosphorus pentabromide
(11.6 g, 26.9 mmol, 3 eq.) was melted and heated at 95 °C for 3 hours. After that, anhydrous
CHC I3 (30 ml) was added, and the resulting hot mixture was filtered and cooled in an ice batch
to yield 11. This was followed by drop-wise addition of cold EtOH (20 ml) to the reaction
mixture which was then stirred at rt for 15 minutes. After that, the solvents were evaporated
under reduced pressure to yield brown oil. The oil was then dissolved in ice-cold water and
stirred at 0 °C for 1 hour to allow for precipitation of the crude 12. The resulting brown solid

was dried and recrystallised from hexane to yield light-brown solid (1.23 g, 4.07 mmol, 45%).
HRMS (ESI*) m/z 302.0023 (C11H13NO4Br requires 302.0028).

"H NMR (400 MHz, CDCl3) & 8.42 (2 H, s, H?), 4.50 (4 H, q, 3Jus 7.1, H%), 1.46 (6 H, t, 3Jun
7.4, HP).
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Figure 6.18: Accurate MS (ESI*) of 12.
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Figure 6.19: LCMS (Method E) of 12 AC (210-400 nm) (top) and the MS (ESI*) at 2.362 minutes (bottom).

8.42
— 4.50
— 1.46

EtO. o OEt

T T T T T T T T T T T T
10.5 10.0 9.5 9.0 85 8.0 75 7.0 6.5 6.0 55 50
& /ppm

Figure 6.20: '"H NMR (400 MHz, CDCI3) spectrum of 12.
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Ethyl 4-bromo-6-(hydroxymethyl)picolinate, 1312

Diethyl diethyl 4-bromopyridine-2,6-dicarboxylate, 12 (1.23 g, 4.07 mmol, 1 eq.) was dissolved
in a solution of DCM (7 ml) and ethanol (9 ml) and cooled in an ice bath. After that, solid
sodium borohydride (0.23 g, 6.11 mmol, 1.5 eq.) was slowly added and the resulting solution
was stirred at 0 °C for 4 hours under argon, while monitoring the reaction using TLC (silica,
3% MeOH in DCM). Once the starting material was consumed, a solution of 1 M HCI (6 ml)
was added to the reaction mixture, followed by water (25 ml) and DCM (20 ml). The resulting
aqueous layer was separated and washed with DCM (10 ml x 3). After that, the combined
organic layers were washed with water (10 ml x 3), dried over MgSQy, filtered and
concentrated under reduced pressure. The crude solution was then purified by flash
chromatography (silica, DCM to 2.5% MeOH in DCM) to yield white solid (0.675 g, 2.60 mmol,
64%).

LCMS (ESI*) m/z 260.102 [M+H]".

"H NMR (400 MHz, CDCls) 5 8.17 (1 H, d, “Jun 1.83, H), 7.73 (1 H, d, “Jun 1.83, H?), 4.84 (2
H, s, HS), 4.46 (2 H, q, 3Jun 6.9, H8), 1.43 (6 H, t, 3un 7.1, HO).
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Figure 6.21: LCMS (Method E) of 13 AC (210-400 nm) (top) and the MS (ESI*) at 2.345 minutes (bottom).
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Figure 6.22: "H NMR (400 MHz, CDClI3) spectrum of 13.
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Ethyl 6-(hydroxymethyl)-4-((2,4,6-trimethoxyphenyl)ethynyl)picolinate, 14

2-ethynyl-1,3,5-trimethoxybenzene, 7 (300 mg, 1.56 mmol, 1 eq.), ethyl 4-bromo-6-
(hydroxymethyl)picolinate, 13 (446 mg, 1.72 mmol, 1.1 eq.) and [Pd(ally)Cl]» (60 mg, 0.164
mmol, 0.1 eq.) were dissolved in anhydrous acetonitrile (5 ml) and degassed freeze-pump-
thaw x 3). After that, TEA (2.16 ml, 15.6 mmol, 10 eq.) and piperidine (0.6 ml, 6.24 mmol, 4
eq.) were added, and the resulting solution was stirred at 40°C for 12 hours under argon.
Organic solvents were then removed under reduced pressure, and the residue was dissolved
in DCM (10 ml). The resulting solution was washed with water (5 ml x 3), and the combined
aqueous phases were extracted with DCM (5 ml x 3). The combined organic layers were dried
over MgSOy, filtered and isolated from the solvent under reduced pressure. The crude product
was then purified by column chromatography (silica, 4% MeOH in DCM) to yield yellow solid
(204 mg, 0.550 mmol, 35%). HRMS (ESI*) m/z 372.1443 (C20H22NOs requires 372.1447).

"H NMR (600 MHz, CDCls) & 8.10 (1 H, d, “Jun 1.4, H%), 7.58 (1 H, d, “Jun 1.4, H?), 6.11 (2 H,
s, H™), 4.82 (2 H, s, Hf), 4.47-4.43 (2H, m, H8), 3.90 (6 H, s, H'%), 3.85 (3 H, s, H'"), 1.42 ( 3
H, t, 3Jus 7.1, HO).

13C NMR (151 MHz, CDCls) & 164.86 (C7), 162.87 (C'%), 162.82 (C'®), 159.92 (C"), 147.14
(C%), 134.48 (C?), 125.61(C*), 125.14 (C?), 93.35 (C'°), 93.07 (C'), 90.44 (C™), 89.26 (C'?),
64.38 (C°), 61.94 (C?), 56.07 (C'®), 55.48 (C'7), 14.27 (C).
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Figure 6.23: Accurate MS (ESI*) of 14.
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Figure 6.24: LCMS (Method E) of 14 AC (210-400 nm) (top) and the MS (ESI*) at 2.282 minutes (bottom).
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Figure 6.25: "H NMR (600 MHz, CDCI3) (top) and "*C NMR (151 MHz, CDCI3) (bottom) spectra of 14.
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Ethyl 6-(((methylsulfonyl)oxy)methyl)-4-((2,4,6-trimethoxyphenyl)ethynyl)picolinate, 15

Oy, 0
I

Ethyl 6-(hydroxymethyl)-4-((2,4,6-trimethoxyphenyl)ethynyl)picolinate, 14 (119 mg, 0.320
mmol, 1 eq.) was dissolved in anhydrous THF (3.5 ml). DIPEA (0.17 ml, 0.960, 3 eq.) and
methanesulfonic anhydride (0.223 g, 1.280 mmol, 4 eq.) were added, and the resulting mixture
was stirred at rt for 1 hour under argon. Once the reaction completion was confirmed by TLC
(silica, 5% MeOH in DCM), organic solvents were evaporated under reduced pressure, and
the residue was redissolved in DCM (10 ml). The resulting solution was washed with water
(10 ml x 3), and the combined aqueous phases were extracted with DCM (5 ml x 3). The
combined organic layers were dried over MgSQs., filtered and isolated from solvent under
reduced pressure to yield pale yellow solid that was used in the next step without further

purification.

'H NMR (400 MHz, CDCl5) 5 8.17 (1 H, s, H%), 7.72 (1 H, s, H?), 6.12 (2 H, s, H™%), 5.44 (2 H,
s, H°), 4.58-4.47 (2H, m, H8), 3.91 (6 H, s, H'®), 3.86 (3 H, s, H'7), 1.44 ( 3 H, t, 3Ju 7.5, HO).
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Figure 6.26: LCMS (Method E) of 15 AC (210-400 nm) (top) and the MS (ESI*) at 3.093 minutes (bottom).
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Figure 6.27: '"H NMR (400 MHz, CDCI3) spectrum of 15.
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Triethyl 6,6',6"-((1,4,7-triazonane-1,4,7-triyl)tris(methylene))tris(4-((2,4,6-
trimethoxyphenyl)ethynyl)picolinate), 16

Ethyl 6-(((methylsulfonyl)oxy) methyl)-4-((2,4,6-trimethoxyphenyl) ethynyl) picolinate, 15
(0.144 g, 0.320 mmol, 3.5 eq.), TACN.3HCI (22 mg, 0.0914 mmol, 1 eq.) and K>.CO3 (88 mg,
0.6398 mmol, 7 eq.) were dissolved in anhydrous acetonitrile (5 ml) and stirred at 60°C for 20
hours under argon. The crude was then isolated from solvent under reduced pressure and

redissolved in MeOH for the use in the next step without purification.

HRMS (ESI*) m/z 1189.5195 [M+H]" (CesH72NeO15 requires 1189.5134).

100+ 1189.5195
1190.5245
7
=

1191.5270
1192.5259 1211.5010
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Figure 6.28: Accurate MS (ESI*) of 16.
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Triethyl 6,6',6"- ((1,4,7-triazonane-1,4,7-triyl) tris (methylene)) tris (4-((2,4,6-trimethoxyphenyl)
ethynyl)picolinate), 16 (0.0974 mmol) was dissolved in MeOH (5 ml). Water was then drop-
wise added to the resulting solution until the white precipitate remained undissolved. The pH
of the resulting solution was adjusted to 12.5 using 1M NaOH. The resulting solution was
stirred at rt for 72 hours, while its pH was monitored and periodically adjusted to 12.5 until
hydrolysis completion was confirmed by LCMS. After that, the solution pH was readjusted to
6.5 using 1 M HCI. EuCls.6H,0 was then added (37 mg, 0.101 mmol, 1.1 eq.), and the resulting
solution was stirred at rt for 18 hours. Solvents were then removed under reduced pressure,
and the resulting pale yield yellow solid was purified by reverse-phase HPLC (C18, Method B,

retention time = 11.4 minutes) to yield yellow solid (67 mg, 58% over 3 steps).

HRMS (ESI*) m/z 1253.3190 [M+H]* (CeoHs7''EuNsO1s requires 1253.3159).
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Figure 6.29: Simulated (top) and recorded (bottom) accurate MS (ESI*) of EuL".
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Figure 6.30: LCMS (Method E) of EuL' AC (210-400 nm) (top) and the MS (ESI*) at 2.445 minutes (bottom).
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2,4,6-Trimethoxy-3-nitrobenzaldehyde, 17

To an ice-cold solution of 2,4,6-trimethoxybenzaldehyde (1.00 g, 5.10 mmol, 1 eq.) in
concentrated sulfuric acid (5 ml) the solution of ammonium nitrate (0.450 g. 5.61 mmol, 1.1
eq.) in concentrated sulfuric acid (5 ml) was dropwise added over 10 minutes, and the resulting
mixture was poured over ice. The resulting suspension was then filtered, and the solid residue
was washed with water (10 ml x 3) and dried to yield beige solid (1.157 g, 4.80 mmol, 94%)

which was used in the next step without further purification.
HRMS (ESI*) m/z 242.0673 (C1oH12NOe¢ requires 242.0673)

"H NMR (700 MHz, CDCls) 5 10.25 (1H, s, H'), 6.31 (1H, s, H*), 3.96 (3H, s, H°) 3.95 (3H, s,
He), 3.91 (3H, s, H™).

13C NMR (151 MHz, CDCls) & 186.37 (C"), 164.86 (C®), 156.88 (C?), 155.38 (C7), 131.22 (C?),
111.96 (C2), 91.39 (C*), 64.74 (C'°), 56.85 (C?), 56.66 (C?).

100 242.0673

243.0701

102.01
0 S 192 0489196.0629 225 0644 298.0145326.0192 361.5694  408.0181 45 0031 459.9989505.1068
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Figure 6.31: Accurate MS (ESI*) of 17.
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Figure 6.32: LCMS (Method E) of 17 AC (210-400 nm) (top) and the MS (ESI*) at 1.992 minutes (bottom).
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Figure 6.33: "H NMR (700 MHz, CDCI3) (top) and "*C NMR (151 MHz, CDCI3) (bottom) spectra of 17.
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2-(2,2-Dibromovinyl)-1,3,5-trimethoxy-4-nitrobenzene, 18

SO

O

0]

2 6_NO,
7 /10

> O

1\ _Br
11

Br

A solution of CBr4 (2.07 g, 6.23 mmol, 1.5 eq.) in anhydrous DCM (10 ml) was dropwise added
to an ice-cold solution of 2,4,6-trimethoxy-3-nitrobenzaldehyde, 17 (1.00 g, 4.15 mmol, 1 eq.)
and PPh;(3.27 g, 12.5 mmol, 3 eq.) in anhydrous DCM (5 ml), and the resulting solution was
stirred at rt for 20 hours under argon. The crude mixture was then purified by column
chromatography (silica, 50% DCM in hexane) to yield beige solid (1.20 g, 3.04 mmol, 73%).

"H NMR (700 MHz, CDCl3) & 7.19 (1H, s, H'), 6.27 (1H, s, H*), 3.91 (3H, s H?), 3.88 (3H, s,

H°), 3.82 (3H, s, H™).

13C NMR (151 MHz, CDCls) & 158.95 (CP), 153.10 (C7), 151.48 (C7), 130.68 (C®), 129.14 (C),
111.88 (C?), 95.80 (C'"), 91.34 (C*), 62.77 (C'°), 56.65 (C¥).

HRMS (ESI*) m/z 395.9080 (C11H12BraNOs requires 395.9082)
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300.9590 418.8788

351.9135
317.9804 380.9036

0

419.8861

4858798 £y 7791 524.9656

533.7513

615.3287
614.3293 §16.3277

613.3305 617.3270

617.8279
607.3398

300 320 340 360 380 400 420 440

Figure 6.34: Accurate MS (ESI*) of 18.
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Figure 6.35: LCMS (Method E) of 18 AC (210-400 nm) (top) and the MS (ESI*) at 2.888 minutes (bottom).
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Figure 6.36: '"H NMR (700 MHz, CDCI3) (top) and "*C NMR (151 MHz, CDCI3) (bottom) spectra of 18.
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1-Ethynyl-2,4,6-trimethoxy-3-nitrobenzene, 19

2-(2,2-dibromovinyl)-1,3,5-trimethoxy-4-nitrobenzene, 18 (1.13 g, 2.83 mmol, 1 eq.) was
dissolved in anhydrous THF (10 ml) and cooled to -78 °C (acetone, dry ice). 2.5 M solution of
n-butyllithium in hexane (2.30 ml, 5.67 mmol, 2 eq.) was then added dropwise, and the
resulting orange solution was stirred for 30 minutes at -78 °C. Water (20 ml) was then added
dropwise, and the resulting solution was stirred at rt for another 30 minutes. After that, the
organic solvents were removed under reduced pressure, and the resulting aqueous solution
was extracted with DCM (20 ml x 3). The combined organic layers were washed with brine
(10 ml) and water (15 ml x 3), dried over MgSO4 and filtered. DCM solvent was removed under
reduced pressure to yield yellow oil that was purified by column chromatography (silica, 30%
hexane in DCM) to yield yellow solid (0.163 g, 24%).

HRMS (ESI*) m/z 238.0718 (C11H12NOs requires 238.0715)

H NMR (700 MHz, CDCl3) 6 6.25 (1H, s, H*), 4.05 (3H, s, H'°), 3.94 (3H, s, H%), 3.91 (3H, s,
H8), 3.52 (1H, s, H').

13C NMR (151 MHz, CDCls) & 163.53 (C®), 156.16 (C7), 153.00 (C?), 130.61 (C?), 98.54 (C'),
90.88 (C*), 86.34 (C'"), 74.51 (C?), 62.65 (C'), 56.60 (C?), 56.54 (C°).
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Figure 6.37: Accurate MS (ESI*) of 19.
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Figure 6.38: LCMS (Method E) of 19 AC (210-400 nm) (top) and the MS (ESI*) at 2.275 minutes (bottom).

Figure 6.39: "H NMR (700 MHz, CDCI3) (top) and "*C NMR (151 MHz, CDCI3) (bottom) spectra of 19.
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Ethyl 6-(hydroxymethyl)-4-((2,4,6-trimethoxy-3-nitrophenyl)ethynyl)picolinate, 20

20

2-(2,2-dibromovinyl)-1,3,5-trimethoxy-4-nitrobenzene, 18 (150 mg, 0.632 mmol, 1 eq.), ethyl
4-bromo-6-(hydroxymethyl)picolinate, 13 (181 mg, 0.695, 1.1 eq.) and [Pd(allyl)Cl]2> (23 mg,
0.0632 mmol, 0.1 eq.) were dissolved in anhydrous acetonitrile (3 ml) and degassed (freeze-
pump-thaw x 3). After that, TEA (1.00 ml, 7.22 mmol, 11 eq.) and piperidine (0.25 ml, 2.6
mmol, 4 eq.) were added, and the resulting solution was stirred at 40°C for 20 hours under
argon). Organic solvents were then removed under reduced pressure, and the resulting yellow
solid was purified by column chromatography (silica, 3 % MeOH in DCM) to yield beige solid
(0.207 g, 0.497 mmol, 79%).

HRMS (ESI*) m/z 417.1288 (C20H21N2Og requires 417.1298).

"H NMR (700 MHz, CD2Cl,) 5 8.06 (1H, s, H™), 7.58 (1H, s, H'®), 6.33 (1H, s, H%), 4.81 (2, q,
3dun7.1, H'7), 4.43 (2H, q, 3un 7.1, H'®), 4.11 (3H, s, H'®) 3.99 (3H, s, H9), 3.95 (3H, s, H?),
1.42 (3H, t, 3un 7.1, H).

13C NMR (151 MHz, CD;Cl2) & 164.90 (C'8), 163.85 (C?), 160.92 (C'5), 156.00 (C7), 154.16
(C?), 148.11 (C'), 133.52 (C'2), 125.49 (C'), 125.19 (C'°), 98.52 (C'), 95.15 (C'"), 91.64 (C*),
86.54 (C2), 64.67 (C'7), 63.29 (C'°), 62.35 (C'°), 57.23 (C?), 57.11 (C°), 14.47 (C?).

AK27_HPLC 507 (4.266) Cm (497:520) 1: TOF MS ES+
2.06e+004
100 111.0182
1l
112.0166

229.9967  497.1288

2071119 4481325

I i l i 578.2007 877.2463 966.6669 1110.2263
¢ m/z
200 400 600 800 1000 1200 1400 1600 1800 2000

Figure 6.40: Accurate MS (ESI*) of 20.
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Figure 6.41: LCMS (Method E) of 20 AC (210-400 nm) (top) and the MS (ESI*) at 2.382 minutes (bottom).
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Ethyl 6-(((methylsulfonyl)oxy)methyl)-4-((2,4,6-trimethoxy-3-nitrophenyl)ethynyl)picolinate,
21

O/\\ﬁ/O O
Ethyl 6-(hydroxymethyl)-4-((2,4,6-trimethoxy-3-nitrophenyl)ethynyl)picolinate, 20 (200 mg,
0.480 mmol, 1 eq.) and methanesulfonic anhydride (335 mg, 1.921 mmol, 4 eq.) were
dissolved in anhydrous THF (10 ml) and DIPEA (0.250 ml, 1.44 mmol, 3 eq.) was added. The
resulting solution was stirred at rt for 1 hour under argon). Once the reaction completion was
confirmed by TLC (silica, 5% MeOH in DCM), the volatile organic materials were evaporated
under reduced pressure, and the obtained yellow oil was dissolved in DCM (10 ml). The
resulting solution was washed with water (10 ml x 3), and the combined aqueous phases were
extracted with DCM (5 ml x 3). The combined organic layers were dried over MgSOy, filtered
and isolated from the solvent under reduced pressure to yield pale yellow solid that was used

in the next step without further purification.

LCMS (ESI*) m/z 495.388 [M+H]*
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Figure 6.43: LCMS (Method E) of 21 AC (210-400 nm) (top) and the MS (ESI*) at 2.653 minutes (bottom).
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Triethyl 6,6',6"-((1,4,7-triazonane-1,4,7-triyl)tris(methylene))tris(4-((2,4,6-trimethoxy-3-
nitrophenyl)ethynyl)picolinate), 22

NO,

Ethyl 6-(((methylsulfonyl)oxy)methyl)-4-((2,4,6-trimethoxy-3-nitrophenyl)ethynyl)picolinate 21
(0.480 mmol, 3.5 eq.), TACN.3HCI (32 mg, 0.137 mmol, 1 eq.) and K>CO3 (133 mg, 0.960
mmol, 7 eq.) were dissolved in anhydrous acetonitrile (5 ml) and stirred at 60°C for 12 hours
under argon. The crude was isolated from the solvent under reduced pressure and dissolved
in DCM. It was then washed with water (5 ml x 3), and the combined aqueous phases were
extracted with DCM (5 ml x 3). The combined organic layers were dried over MgSOy, filtered
and isolated from the solvent under reduced pressure to yield pale yellow solid (0.7137 mmol)

that was used in the next step without further purification.

HRMS (ESI*) m/z 1324.4679 [M+H]* (CesHesNsO21 requires 1324.4686).
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Figure 6.44: Accurate MS (ESI*) of 22.
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Triethyl 6,6',6"-((1,4,7-triazonane-1,4,7-triyl) tris (methylene)) tris (4-((2,4,6-trimethoxy-3-
nitrophenyl) ethynyl) picolinate) 6 (0.737 mmol) was dissolved in MeOH (5 ml) and water was
dropwise added until white precipitate remained undissolved. The pH of the resulting solution
was adjusted to 12.5 using 1M NaOH, and it was then stirred at rt for 3 hours, while its pH was
periodically adjusted to 12.5 until hydrolysis completion was confirmed by LCMS. After that,
the solution pH was readjusted to 6.5 using 1M HCI. Eu(OAC); was then added (50 mg, 0.151
mmol, 1.1 eq.) and the resulting solution was stirred at rt for 20 hours. The solvent was then
removed under reduced pressure to yield yellow solid which was purified by flash
chromatography (silica, 5% MeOH in DCM) to yield yellow solid (31 mg, 0.022 mmol, 16%

over two steps).

HRMS (ESI*) m/z 1388.2751 [M+H]* (CeoHs4'S'"EuNgO1 requires 1388.2711).
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Figure 6.45: LCMS (Method E) of EuL2? AC (210-400 nm) (top) and the MS (ESI*) at 2.601 minutes (bottom).
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Figure 6.46: Simulated (top) and recorded (bottom) accurate MS (ESI*) of EuL2.
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3-Amino-2,4,6-trimethoxybenzaldehyde, 17a

~o

SnCl; (2.40 g, 12.7 mmol, 15 eq.) was added to a stirring solution of 2,4,6-trimethoxy-3-
nitrobenzaldehyde, 17 (204 mg, 0.846 mmol, 1 eq.) in EtOH (10 ml), and the resulting solution
was stirred for 20 hours at 60°C under argon. After that, the reaction mixture was poured over
ice, neutralised using 1 M NaOH and extracted with EtOAc (20 ml x 3). The combined organic
fractions were then washed with water (20 ml x 3) and dried over MgSO.. The product was
isolated from the solvent under reduced pressure to give yellow oil (113 mg, 0.535 mmol,
63%).

HRMS (ESI") m/z 212.0913 [M+H]" (C10H14NO4 requires 212.0923).
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Figure 6.47: Accurate MS (ESI*) of 20.
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3-Azido-2,4,6-trimethoxybenzaldehyde, 17b (unsuccessful)®®

Tert-butyl nitrite (45 pl, 0.377 mmol, 1.5 eq.) followed by trimethylsilyl azide (40 ul, 0.301 mmol,
1.2 eq.) were dropwise added to an ice-cold solution of 3-amino-2,4,6-
trimethoxybenzaldehyde, 17a (53 mg, 0.251 mmol, 1 eq.) in MeCN (2 ml). The resulting
solution was stirred for 20 hours at rt under argon before another portion of tert-butyl nitrite
(150 pl, 1.26 mmol, 5 eq.) and trimethylsilyl azide (167 pl, 1.25 mmol, 5 eq.) was added. The

reaction mixture was then stirred for further 20 hours to result in marginal conversion.
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3-(2,2-Dibromovinyl)-2,4,6-trimethoxyaniline, 18a

~o

NH,

0 o

. _DBr

Br

SnCl. (355 mg, 1.87 mmol, 5 eq.) was added to a stirring solution of 2-(2,2-dibromovinyl)-
1,3,5-trimethoxy-4-nitrobenzene, 18, (148 mg, 0.373 mmol, 1 eq.) in EtOH (8 ml), and the
resulting solution was stirred for 20 hours at 60°C under argon. After this time, the reaction
mixture was poured over ice, neutralised using 1 M NaOH and extracted with EtOAc (20 ml x
3). The combined organic fractions were then washed with water (20 ml x 3) and dried over
MgSOQOs). The product was isolated from the solvent under reduced pressure to give yellow oil
(99 mg, 0.27 mmol, 72%).

LCMS (ESI+) m/z 365.835 [M+H]".
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Figure 6.48: LCMS (Method E) of 18a AC (210-400 nm) (top) and the MS (ESI*) at 1.940 minutes (bottom).
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2-Azido-4-(2,2-dibromovinyl)-1,3,5-trimethoxybenzene, 18b

N3

0 o~

X _Br

Br

Tert-butyl nitrite (137 pl, 1.09 mmol, 5 eq.) followed by trimethylsilyl azide (146 pl, 1.09 mmol,
5 eq.) were dropwise added to an ice-cold solution of 3-amino-2,4,6-trimethoxybenzaldehyde,
17a (80 mg, 0.22 mmol, 1 eq.) in MeCN (2 ml). The resulting solution was stirred for 20 hours
at rt under argon. After that, the crude product was dried under reduced pressure and then
redissolved in DCM. The solution was washed with water (20 ml x 3), and the aqueous
fractions were extracted with DCM (20 ml x 3). The product was then isolated from solvent

under reduced pressure to yield pale-yellow oil (64 mg, 0.16 mmol, 74 %).

LCMS (ESI+) m/z 363.820 [M+H-2N]J".

3.052
100.00%

T
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
Retention time /min

365.759
100.00%

367.659
70.14%

363.82
54.08%

600.695
319.812 385.862 520.736 670.849

270.824 9.75%
130;.30;2 108,998 20278 Z0824 w3 6.33%  432.569 s S3B864 o 798% 712386 g6y, 819821 887.391 925,699 960.130
3% 0 68% 1.61% ) H | 0.68% L 3.13% 211%  0.73% 3.03% 1.85% 0779 2-58%
L= ot e Bl Mt e Ml o T i S oo
T T T T T T T T T T T T T T T T T T 4
100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950
m/z /Da

Figure 6.49: LCMS (Method E) of 18b AC (210-400 nm) (top) and the MS (ESI*) at 3.052 minutes (bottom).
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1-(3-(2,2-Dibromovinyl)-2,4,6-trimethoxyphenyl)-4-(trimethylsilyl)-1H-1,2,3-triazole, 18¢c

TMS
OMe =

N\N’/

N

MeO OMe
X _Br

Br

To a solution of 2-azido-4-(2,2-dibromovinyl)-1,3,5-trimethoxybenzene, 18b (20 mg, 0.054
mmol, 1 eq.), CuCl (1.0 mg, 0.011 mmol, 0.2 eq.) and sodium ascorbate (2.2 mg, 0.011 mmol,
0.2 eq.) in a mixture of MeCN (1 ml) and water (1 ml) was added trimethylsilyl azide (36 ul,0.27
mmol, 5 eq.). The resulting solution was stirred at 40°C for 1 hour under argon. All volatile
components of the product mixture were evaporated under reduced pressure to yield dark
brown oil (23 mg, 0.047 mmol, 87%).

LCMS (ESI*) 489.878 [M+H]".
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Figure 6.50: MS (ESI*) for 18c.
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To a stirring suspension of EuL? (5.0 mg, 0.0036 mmol, 1 eq.) in MeOH (5 ml) at 40°C was
drop-wise added DCM (~5 ml) until a clear solution was obtained. The solution was irradiated
with 365 nm LED resulting in a red glow. SnCl, was then added to a stirring solution under
argon in small portions (71 mg, 0.61 mmol, 169 eq.) until the solution no longer glowed under

the UV light irradiation. The feasible purification method from tin(ll) byproducts was not found.

HRMS (ESI*) m/z 1298.3413 [M+H]" (CeoHeo'>'EUNgO15 requires 1298.3486).
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Figure 6.51: LCMS (Method E) of EuL?2 AC (210-400 nm) (top) and the MS (ESI*) at 1.565 minutes (bottom).
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Figure 6.52: Simulated (top) and recorded (bottom) accurate MS (ESI*) of EuL?2,
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Ethyl 4-((3-amino-2,4,6-trimethoxyphenyl)ethynyl)-6-(hydroxymethyl)picolinate, 20a

OMe
NH»
MeO OMe
]
X OEt
N
OH 0]

SnCl; (91 mg, 0.48 mmol, 10 eq.) was added to a stirring solution of ethyl 6-(hydroxymethyl)-
4-((2,4,6-trimethoxy-3-nitrophenyl)ethynyl)picolinate, 20 (20 mg, 0.048 mmol, 1 eq.) in EtOH
(5 ml), and the resulting solution was stirred for 20 hours at 60°C under argon. After this time,
the reaction mixture was poured over ice, neutralised using 1 M NaOH and extracted with
EtOAc (20 ml x 3). The combined organic fractions were then washed with water (20 ml x 3)
and dried over MgSOQ.. The product was isolated from the solvent under reduced pressure to

yield yellow oil (13 mg, 0.034 mmol, 70%).

LCMS (ESI+) m/z 387.345 [M+H]".
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Figure 6.53: LCMS (Method E) of 20a AC (210-400 nm) (top) and the MS (ESI*) at 1.695 minutes (bottom).
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Ethyl 4-((3-amino-2,4,6-trimethoxyphenyl)ethynyl)-6-(((methylsulfonyl)oxy)methyl)picolinate,
21a and ethyl 6-(((methylsulfonyl)oxy)methyl)-4-((2,4,6-trimethoxy-3-
(methylsulfonamido)phenyl)ethynyl)picolinate, 21b

OMe OMe
NH, HNMs
MeO OMe MeO OMe
=z = |
NS | OEt NS OEt
N N
OMs (0] OMs
21a 21b
minor major

DIPEA (18.0 pl, 0.102, 3 eq.) and methanesulfonic anhydride (47 mg, 0.27 mmol, 8 eq.) were
added to a solution of ethyl 4-((3-amino-2,4,6 trimethoxyphenyl) ethynyl)-6-
(hydroxymethyl)picolinate, 20a (13 mg, 0.034 mmol, 1 eq.) in anhydrous THF (2 ml). The
resulting solution was stirred for 1 hour at rt before it was subjected to LCMS to reveal the

formation of the unwanted 21b major product.

LCMS (ESI+) m/z 543.500 [M+H]".
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Figure 6.54: LCMS (Method E) of 20a AC (210-400 nm) (top) and the MS (ESI*) at 2.287 minutes (bottom).
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4-Hydroxy-2,6-dimethoxybenzaldehyde, 23'%

An ice-cold solution of phosphorus oxychloride (9.0 ml, 97 mmol, 1.5 eq.) in DCM (30 ml) was
dropwise added to an ice-cold solution 3,5-dimethoxyphenol (10 g, 65 mmol, 1 eq.) in DCM
(30 ml), and the resulting solution was stirred for 10 minutes in an ice bath. To the resulting
solution DMF (5.5 ml, 71 mmol, 1.1 eq.) was added dropwise over 40 minutes and stirred for
further 1 hour in an ice bath once addition was completed. After that, water (250 ml) was slowly
added to the mixture which was then stirred vigorously for 15 minutes at rt. The resulting
solution was washed with DCM (100 ml x 3), and the aqueous layer was then basified with
1M NaOH until pH = 6 and then stirred for 10 minutes. The resulting suspension was filtered,
and the residue was dried under reduced pressure. The crude product was then recrystallised

from ethanol to yield pale-yellow solid (3.9 g, 21 mmol, 32%).
LCMS (ESI+) m/z 543.500 [M+H]".
"H NMR (400 MHz, MeQOD) 6 10.14 (1H, s, H%), 6.09 (2H, s, H%), 3.83 (6H, s, H°).

3C NMR (100 MHz, MeOD) 6 191.61, 187.68, 166.46, 164.80, 91.31, 54.72.
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Figure 6.55: '"H NMR (400 MHz, MeOD) (top) and "*C NMR (100 MHz, MeOD) (bottom) spectra of 23.
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Figure 6.56: LCMS (Method E) of 23 AC (210-400 nm) (top) and the MS (ESI*) at 1.164 minutes (bottom).
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4-(4-Bromobutoxy)-2,6-dimethoxybenzaldehyde, 24

7 9

O/\/\/Br
8

10

A solution of 4-hydroxy-2,6-dimethoxybenzaldehyde, 23 (504 mg, 2.77 mmol, 1 eq.) in DMF
(20 ml) was dropwise added over 1 hour to a solution of 1,4-dibromobutane (3.3 ml, 27.7
mmol, 10 eq.) and K>COs3 (574 mg, 4.16 mmol, 1.5 eq.) in DMF (5 ml) stirring at 70°C. Once
the addition was completed, the resulting solution was stirred for additional 10 minutes before
DMF solvent was removed under reduced pressure. The crude product was purified by flash
chromatography (silica, 1:2 hexane - EtOAc) to yield pale yellow solid (853 mg, 2.69 mmol,
97%).

LCMS (ESI*) m/z 282.986 [M+H]".

"H NMR (400 MHz, CDCls) 3 10.29 (1H, s, H5), 6.02 (2H, s, H3), 4.02 (2H, t, 3Ju+ 6.2, H7), 3.83
(6H, S, HP), 3.45 (2H, t, 3Ju+ 6.5, H'0), 2.03 (2H, m, H8), 2.03 (2H, m, H?).

3C NMR (100 MHz, CDCls) 6 187.66, 165.56, 164.08, 108.76, 90.65, 67.21, 56.02, 33.25,
29.26, 27.66.
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Figure 6.57: LCMS (Method E) of 24 AC (210-400 nm) (top) and the MS (ESI*) at 2.483 minutes (bottom).
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Figure 6.58: "H NMR (400 MHz, CDCI3) (top) and "*C NMR (100 MHz, CDCI3) (bottom) spectra of 24.
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4-(4-Azidobutoxy)-2,6-dimethoxybenzaldehyde, 25

7 9
O/\/\/N3
8 10

4-(4-bromobutoxy)-2,6-dimethoxybenzaldehyde, 24 (300 mg, 0.946 mmol, 1 eq.), sodium
azide (246 mg, 3.78 mmol, 4 eq.) and sodium iodide (142 mg, 0.947, 1 eq.) were dissolved in
DMF (10 ml) and stirred for 20 hours at rt. The resulting mixture was isolated from DMF solvent
under reduced pressure and redissolved in DCM (50 ml). The resulting solution was washed
with water (20 ml x 3), and the combined aqueous fractions were extracted with DCM. The
combined organic fractions were dried over MgSO4 and filtered. The product was isolated from

DCM solvent under reduced pressure to give pale-yellow solid (220 mg, 0.789 mmol, 83%).
HRMS (ESI*) m/z 280.1277 [M+H]" (C13H1sN3O4requires 280.1297).

"H NMR (400 MHz, CDCls) & 10.29 (1H, s, H%), 6.05 (2H, s, H3), 4.04 (2H, t, 3Jus 6.2, H7), 3.85
(6H, S, H?), 3.37 (2H, t, 3Ju+ 6.5, H'), 1.88 (2H, m, H?), 1.79 (2H, m, H?).
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Figure 6.59: Accurate MS (ESI*) of 25.
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Figure 6.60: '"H NMR (400 MHz, CDCl3) spectrum of 25.
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5-(4-Azidobutoxy)-2-(2,2-dibromovinyl)-1,3-dimethoxybenzene, 26

7 9
O/\/\/N3

8 10

A solution of CBr4 (321 mg, 0.968 mmol, 2 eq.) in anhydrous DCM (10 ml) was dropwise added
to an ice-cold solution of 4-(4-azidobutoxy)-2,6-dimethoxybenzaldehyde, 25, (135 mg, 0.484
mmol, 1 eq.) and PPh3 (508 mg, 1.936 mmol, 4 eq.) in anhydrous DCM (5 ml), and the resulting
solution was allowed to warm to rt and stirred for 20 hours under argon. The resulting mixture
was subjected to LCMS to establish ~50% conversion. Therefore, the reaction mixture was
cooled in an ice bath, and another portion of CBr4 (321 mg, 0.968 mmol, 2 eq.) and PPhs3 (508
mg, 1.936 mmol, 4 eq.) were added. The resulting mixture was stirred for additional 3 hours
at rt to result in full conversion. After that, the product mixture was washed with water (10 ml
x 5) followed by extraction of the combined aqueous layers with DCM (20 ml x 3). The
combined organic layers were dried over MgSOQOy, filtered and the crude product was isolated
from DCM under reduced pressure. The crude was purified by flash chromatography (silica,
70% DCM in hexane) to yield white solid (32 mg, 0.074 mmol, 15%).

HRMS (ESI*) m/z 433.9725 [M+H]" (C14H18N3O3Br2 requires 433.9715).

"H NMR (400 MHz, CDCls) & 7.18 (1H, s, H%), 6.10 (2H, s, H3), 4.00 (2H, t, 3Jun 6.2, H7), 3.81
(6H, S, H?), 3.38 (2H, t, 3Jun 6.5, H'?), 1.87 (2H, m, H?), 1.81 (2H, m, H?).

3C NMR (100 MHz, CDCls) 6 161.03, 158.05, 130.96, 106.90, 92.75, 90.91, 67.28, 55.68,
51.17, 26.51, 25.78.
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Figure 6.61: Accurate MS (ESI*) of 26.
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Figure 6.62: LCMS (Method E) of 26 AC (210-400 nm) (top) and the MS (ESI*) at 3.520 minutes (bottom).
S S 8 3 3 &3
~ s ¥ @ © g
[ Il [ \/
r [ / / /!
/\A/N
Ie) 3
0 -~
. B
s
|
! |
! |
A
< e iE
@ S S S S S
s ~ NS < ISEN
’ T T T T T T T T T T T T T T T T T T T T
10.5  10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
& /ppm
88 8 ] 0 @ @~ - o
S S ° N & N e = o~
el ] 8 oo N ] S
g4 a S PR 5 [ 88
Il [ VI (I \
h
| |
l ‘ >
T T T T T T T T T T T T T T T T T T T T ’
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
5 /ppm

Figure 6.63: "H NMR (400 MHz, CDClI3) (top) and '*C NMR (100 MHz, CDCls) (bottom) spectra of 26.

202



5-(4-Azidobutoxy)-2-ethynyl-1,3-dimethoxybenzene, 27, and
4-(4-ethynyl-3,5-dimethoxyphenoxy)butan-1-amine, 27a

e o >N
{ | |
27

minor major

5-(4-azidobutoxy)-2-(2,2-dibromovinyl)-1,3-dimethoxybenzene, 26 (27 mg, 0.062 mmol, 1 eq.)
was dissolved in anhydrous THF (5 ml) and cooled to -78 °C (acetone, dry ice). 2.5 M solution
of n-butyllithium in hexane (50.0 ul, 0.124 mmol, 2 eq.) was then added dropwise, and the
resulting orange solution was stirred for 30 minutes. Water (10 ml) was then added dropwise,
and the resulting solution was stirred for additional 30 minutes at rt. The major product was

determined (based on m/z) to be the undesired amine 27a.

LCMS (ESI*) m/z 250.18 [M+H]".
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Figure 6.64: LCMS (Method E) of 27a AC (210-400 nm) (top) and the MS (ESI*) at 3.520 minutes (bottom).
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4-(2,2-Dibromovinyl)-3,5-dimethoxyphenol, 28

A solution of CBr4 (2.46 g, 7.41 mmol, 1.5 eq.) in anhydrous DCM (30 ml) was dropwise added
to an ice-cold solution of 4-hydroxy-2,6-dimethoxybenzaldehyde, 23 (900 mg, 4.94, 1 eq.) and
PPh3 (3.90 g, 14.82 mmol, 3 eq.) in anhydrous DCM (10 ml), and the resulting solution was
stirred at rt for 20 hours under argon. After that, the solution was concentrated and the crude
was purified by column chromatography (silica, from 2:3 to 1:3 hexane to DCM) to yield pale
yellow solid (250 mg, 0.740 mmol, 15%).

HRMS (ESI*) m/z 336.9081 [M+H]* (C14H1sN3O3Br2 requires 336.9075).
H NMR (400 MHz, CDCls) 5 7.16 (1H, s, H%), 6.05 (2H, s, H3), 3.78 (6H, S, H).

3C NMR (100 MHz, CDCls) 158.18, 157.64, 130.82, 106.81, 92.87, 91.90, 55.70.
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Figure 6.65: Accurate MS (ESI*) of 28.

204



2.608

100.00%
T T T T T T T T T
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
Retention time /min
338.928
100.00%
110.936
66.07% 337.02
61.24%
340.866
51.08%
131.611
12.76%
101.89 118.043 182.995 342.044
3.96% 2060 4-56% 223.888 279.489 3.95% 476.729 676.891
=~ =207 1.18% 0.96% — 0.85% 1.18%
Ll e W T - b
T T T T T T T T T T T T T T T T T T e
100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950
m/z /Da
. . + .
Figure 6.66: LCMS (Method E) of 28 AC (210-400 nm) (top) and the MS (ESI*) at 2.608 minutes (bottom).
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Figure 6.67: "H NMR (400 MHz, CDClI3) (top) and '*C NMR (100 MHz, CDCls) (bottom) spectra of 28.
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4-Ethynyl-3,5-dimethoxyphenol, 29
OH

4-(2,2-dibromovinyl)-3,5-dimethoxyphenol, 28 (240 mg, 0.710 mmol, 1 eq.) was dissolved in
anhydrous THF (10 ml) and cooled to -78 °C (acetone, dry ice). 2.5 M solution of n-butyllithium
in hexane (1.15 ml, 2.84 mmol, 4 eq.) was then added dropwise, and the resulting orange
solution was stirred at -78°C for 20 minutes under argon. Water (20 ml) was then added
dropwise, and the resulting solution was stirred at rt for further 20 min. After that, the organic
solvents were removed under the reduced pressure, and the crude was recrystallised from

MeOH to give orange solid which was used in the next step without further purification.

HRMS (ESI*) 179.0721 [M+H]* (C10H1103 requires 179.0708)
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Figure 6.68: Accurate MS (ESI*) of 29.
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Figure 6.69: LCMS (Method E) of 29 AC (210-400 nm) (top) and the MS (ESI*) at 1.583 minutes (bottom).
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5-(4-Bromobutoxy)-2-ethynyl-1,3-dimethoxybenzene, 30

8 10
/\/\/Br
O 9 1"

A solution of 4-ethynyl-3,5-dimethoxyphenol, 29 (0.770 mmol, 1 eq.) in DMF (5 ml) was
dropwise added over 1 hour to a solution of 1,4-dibromobutane (3 ml, 25.0 mmol, 35 eq.) and
K2CO3 (143 mg, 1.04 mmol, 1.5 eq.) in DMF (5 ml) stirring at 70°C. Once the addition was
completed, the resulting solution was stirred for additional 10 minutes before DMF solvent was
removed under reduced pressure. The crude product was purified by flash chromatography
(silica, 3:7 EtOAc - hexane) to yield pale yellow solid (142 mg, 0.453 mmol, 64% over two

steps).
HRMS (ESI*) m/z 313.04340 [M+H]+ (C14H17BrOs requires 313.04338).

"H NMR (400 MHz, CDCls) & 6.09 (2H, s, H%), 4.02 (2H, t, 3Jun 6.1, H8), 3.87 (6H, s, H7), 3.49
(3H, t,3Jrn 6.5, H™), 3.49(1H, s, H®) 2.07 (2H, m, H°), 1.96 (2H, m, H'°).

3C NMR (100 MHz, CDCls) 6 163.02, 161.22, 93.14, 90.84, 83.81, 67.06, 56.11, 33.31, 29.37,
27.79.
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Figure 6.70: Accurate MS (ESI*) of 30.
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Figure 6.71: LCMS (Method E) of 29 AC (210-400 nm) (top) and the MS (ESI*) at 2.858 minutes (bottom).
@ o aa ~ o
g gz ¢ S8
3 Sa mm ]2
v W
J s J / e
/\\V/“\/BI'
o]
. -
o] ]
|
4 dd
] 88 & 24
S 238 & S
’, T T T T T T T T T T T T T T T T s
10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
& /ppm
EEN Ty o © - an o
@ e @ 13 = Mo
23 = - IS 3 aan
S 28 8 5 8 N
\ o I\
|
|
I 1NN
T T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 9 80 70 60 50 40 30 20 10 0 -10
S /ppm

Figure 6.72: "H NMR (400 MHz, CDClI3) (top) and '*C NMR (100 MHz, CDCI3) (bottom) spectra of 29.
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5-(4-Azidobutoxy)-2-ethynyl-1,3-dimethoxybenzene, 27

8 10
O/\/\/N3
9 1

5-(4-bromobutoxy)-2-ethynyl-1,3-dimethoxybenzene, 30 (122 mg, 0.390 mmol, 1 eq.), sodium
azide (100 mg, 1.54 mmol, 4 eq.) and sodium iodide (58 mg, 0.39, 1 eq.) were dissolved in
DMF (10 ml) and stirred for 20 hours at rt. The resulting mixture was then isolated from DMF
solvent under reduced pressure and redissolved in DCM (50 ml). The resulting solution was
washed with water (20 ml x 3), and the combined aqueous fractions were extracted with DCM.
The combined organic fractions were dried over MgSO, and filtered. The product was isolated
from DCM solvent under reduced pressure to give pale-yellow solid (98 mg, 0.356 mmol,
91%).

HRMS (ESI*) m/z 276.1345 [M+H]* (C14H1sNsOs requires 276.1348).
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Figure 6.73: Accurate MS (ESI*) of 27.
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Figure 6.74: LCMS (Method E) of 27 AC (210-400 nm) (top) and the MS (ESI*) at 2.667 minutes (bottom).
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Ethyl 4-((4-(4-azidobutoxy)-2,6-dimethoxyphenyl)ethynyl)-6-(hydroxymethyl)picolinate, 31

5-(4-azidobutoxy)-2-ethynyl-1,3-dimethoxybenzene, 27 (75 mg, 0.272 mmol, 1 eq.) ethyl 4-
bromo-6-(hydroxymethyl)picolinate, 13 (73 mg, 0.281 mmol, 1.03 eq.) and [Pd(allyl)Cl]2 (10
mg, 0.027 mmol, 0.1 eq.) were dissolved in anhydrous acetonitrile (2 ml) and degassed
(freeze-pump-thaw x 3). After that, TEA (0.380 ml, 2.70 mmol, 10 eq.) and piperidine (0.105
ml, 1.09 mmol, 4 eq.) were added, and the resulting solution was stirred at 40°C for 20 h under
argon. Organic solvents were then removed under reduced pressure, and the resulting yellow
solid was purified by column chromatography (silica, 3% MeOH in DCM) to yield yellow solid
(56 mg, 0.123 mmol, 45%).

HRMS (ESI*) m/z 455.1914 [M+H]" (C14H17BrOs requires 455.1931).

"H NMR (700 MHz, CDCls) & 8.11 (1H, s, H*), 7.57 (1H, s, H?), 6.11 (2H, s, H™), 4.83 (2H, s,
HE), 4.47 (2H, q, 3Jun 7.2 HE), 4.04 (2H, t, 3Jun 6.0, H'), 3.90 (6H, s, H'), 3.39 (2H, t,
3Jun 7.0, H?), 1.90 (2H, m, H™®), 1.82 (2H, m, H'9), 1.44 (3H, t, 3Jun 7.3, HY)

13C NMR (151 MHz, CDCls) & 164.94 (C7), 162.99 (C™), 162.33 (C'), 159.91 (C"), 147.24
(C%), 134.74 (C?), 125.84 (C*), 125.30 (C?), 93.35 (C'7), 93.27 (C'2), 91.03 (C'), 89.59 (C'"),
67.61 (C"7), 64.46 (C®), 62.15 (C?), 56.26 (C'®), 51.25 (C%°), 26.55 (C'®), 25.84 (C'°), 14.45
(C°).
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Figure 6.75: Accurate MS (ESI*) of 31.
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Figure 6.76: LCMS (Method E) of 31 AC (210-400 nm) (top) and the MS (ESI*) at 2.800 minutes (bottom).
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Figure 6.77: "H NMR (700 MHz, CDClI3) (top) and '*C NMR (151 MHz, CDCls) (bottom) spectra of 31.
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Ethyl 4-((4-(4-azidobutoxy)-2,6-dimethoxyphenyl)ethynyl)-6-
(((methylsulfonyl)oxy)methyl)picolinate, 32

o N3

Ethyl 4-((4-(4-azidobutoxy)-2,6-dimethoxyphenyl)ethynyl)-6-(hydroxymethyl)picolinate, 31

(32 mg, 0.071 mmol, 1 eq.) and methanesulfonic anhydride (44 mg, 0.25 mmol, 3.5 eq.) were
dissolved in anhydrous THF (7 ml) and DIPEA (37 pl, 0.212 mmol, 3 eq.) was added. The
resulting solution was stirred at rt for 1 hour under argon. After that, volatile organic materials
were evaporated under reduced pressure, and the obtained yellow oil was redissolved in DCM
(10 ml). The resulting solution was washed with water (10 ml x 3), and the combined aqueous
layers were extracted with DCM (5 ml x 3). The combined organic layers were dried over
MgSO, and filtered. DCM solvent was evaporated under reduced pressure to yield pale yellow

solid that was used in the next step without further purification.

HRMS(ESI*) m/z 533.16950 [M+H]" (C24H28N4OsS requires 533.17006)
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Figure 6.78: Accurate MS (ESI*) of 23.
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Figure 6.79: LCMS (Method E) of 31 AC (210-400 nm) (top) and the MS (ESI*) at 3.108 minutes (bottom).
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Triethyl 6,6',6"-((1,4,7-triazonane-1,4,7-triyl)tris(methylene))tris(4-((4-(4-azidobutoxy)-2,6-

dimethoxyphenyl)ethynyl)picolinate), 33

N
O/\/\/a

N
o/\/\/a

KoCOs3 (68 mg, 0.49 mmol, 7 eq.), ethyl4-((4-(4-azidobutoxy)-2,6-dimethoxyphenyl)ethynyl)-6
(((methylsulfonyl)oxy)methyl)picolinate, 32 (0.071 mmol, 3.5 eq.) and TACN.3HCI (4.8 mg,
0.020 mmol, 1 eq.) were dissolved in MeCN (5 ml) and stirred at 60°C for 12 h under argon.

After that, MeCN was removed under reduced pressure, and the crude was redissolved in

MeOH and used in the next step without further purification.

HRMS (ESI*) m/z 1438.6527 [M+H]* (C7sHs7N15015 requires 1438.6584).
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Figure 6.80: Accurate MS (ESI*) of 23.
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EulL3

N
O/\/\/s

Triethyl 6,6',6"-((1,4,7-triazonane-1,4,7-triyl)tris(methylene)) tris(4-((4-(4-azidobutoxy)-2,6-
dimethoxyphenyl)ethynyl)picolinate), 33 (0.020 mmol) was dissolved in MeOH (5 ml) and
water was dropwise added until the precipitate remained undissolved. The pH of the resulting
solution was adjusted to 12.5 using 1M NaOH. The solution was stirred at 60 °C for 3 hours
while its pH was periodically adjusted to 12.5 until hydrolysis completion was confirmed by
LCMS. After that, the solution pH was readjusted to 6.5 using 1 M HCI, and EuCls;.6HCI was
added (7.5 mg, 0.020 mmol, 1 eq.). The resulting solution was stirred at rt for 20 hours. After
that, the solvent was removed under pressure to yield yellow solid which was purified by
reverse-phase HPLC (C1s, Method B, retention time = 14.3 minutes) to yield yellow solid (6.8
mg, 0.0045 mmol, 23% over two steps).

HRMS (ESI*) 1502.4485 [M+H*] (CesH72'5"EuN:5015 requires 1502.4609)
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Figure 6.81: Simulated (top) and recorded (bottom) accurate MS (ESI*) of EuL3.
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Figure 6.82: LCMS (Method E) of EuL3 AC (210-400 nm) (top) and the MS (ESI*) at 3.258 minutes (bottom).
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To a solution of 2-propynyl-tetra-O-acetyl-B-D-glucopyranoside (2.0 mg, 0.0052 mmol, 4 eq.)
and EuL3 (2.0 mg, 0.0013 mmol, 1 eq.) in MeCN (5 ml) was added [Cu(MeCN)4]PFs (1.0 mg,
0.0027 mmol, 2 eq.). The resulting solution was stirred at rt for 20 hours under argon. After
that, water was added (5 ml), and the reaction mixture was stirred for further 30 minutes.
MeCN was then evaporated and the resulting suspension was centrifuged (6000 rpm). Once
water was removed, the residue was resuspended in MeOH and centrifuged again. The
resulting product solution was separated from the grey residue, and MeOH was then removed

under reduced pressure to yield yellow solid (3.2 mg, 0.0012 mmol, 92%).

HRMS (ESI*) 1330.91394 [M+2H]?* (C120H140"*'EuN1504s requires 1330.91576)
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Figure 6.83: Accurate MS (ESI*) of EuL39A¢ ([M+2H]?*, m/2).
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Figure 6.84: Simulated (top) and recorded (bottom) accurate MS (ESI*) of EuL39A¢ ([M+3H1%*, m/3)

2.758

100.00%
T T T T T T T T T ’
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
Retention time /min
888.558
100.00%
666.669
48.02%
1332.483
26.75%
309.522 1066.167
7 6.48% _7.15% 450.182 539377  651.620680.197 895.702 [906.912 1599.005 1776.966
lrl | 1.81% 0580  1.01%| 132% o | 243% 1.42% 0.89%
L, " b | T RO ¥ RO osees—ers 3 SEIPUUPRUSEIIN SURDUO - - i .
T T T T T T T T T T T T T T T T T T T T
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 200C
m/z /Da

Figure 6.85: LCMS (Method E) of EuL39A¢ AC (210-400 nm) (top) and the MS (ESI*) at 2.758 minutes (bottom).
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1-Propargyl-B-D-glucopyranoside, 34

2-propynyl-tetra-O-acetyl-3-D-glucopyranoside (50 mg, 0.055 mmol) was added to a 0.1 M
solution of NaOMe in MeOH (3 ml) and stirred at rt for 1 hr. After that, the reaction mixture
was neutralised using Amberlite H* resin and filtered. MeOH was then removed under reduced
pressure to yield white solid (12 mg, 0.054 mmol, 98%).

"H NMR (400 MHz, MeOD) 4.50 (1H, d,3Ju+7.9, H'), 4.46 (2H, t, 3Jnn 2.8, H7), 3.92 (1H, d,
2010 12.2, HP), 3.71 (1H, dd, 3Jnn 12.2, 3Jun 5.7, HE), 3.40 (1H, t, 3Jun 8.4, H3), 3.32 (1H, m,
H*), 3.31 (1H, m, H%), 3.23 (1H, t, 3Ju+ 7.5, H2), 2.90(1H, t, *Jus 2.4, H8).

450
446
—3.92
—37
3.40
3.32
331
3.23
—2.90

/
<
\

2 TIaAs S
NS o nagan 9
EpS S 58534 4
T T T T T T T T T T T T T T T T T T T T T
10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

8 /ppm

Figure 6.86: '"H NMR (400 MHz, CDCI3) spectrum of 34.
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To a solution of 1-propargyl-B-D-glucopyranoside, 34 (12 mg, 0.0054 mmol, 4.2 eq.) and EuL?
(2.0 mg, 0.0013 mmol, 1 eq.) in MeCN (5 ml) was added [Cu(MeCN)4]PFs (1.0 mg, 0.0027
mmol, 2 eq.). The resulting solution was stirred at rt for 20 hours under argon. After that, water
was added (5 ml), and the reaction mixture was stirred for further 30 minutes. MeCN was then
evaporated and the resulting suspension was centrifuged (6000 rpm). Once water was
removed, the residue was resuspended in MeOH and centrifuged again. The resulting product
solution was then separated from the grey residue, and MeOH was removed under reduced

pressure to yield yellow solid (2.6 mg, 0.0012 mmol, 92%).

HRMS (ESI*) 1078.8431 [M+2H]?* (CosH114"*"EUuN15033 requires 1078.8529)
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Figure 6.87: Simulated (top) and recorded (bottom) accurate MS (ESI*) of EuL3¢ ([M+2H]?*, m/2)
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Figure 6.88: LCMS (Method E) of EuL39 AC (210-400 nm) (top) and the MS (ESI*) at 1.742 minutes (bottom).
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Ethyl 4-(4-ethynyl-3,5-dimethoxyphenoxy)butanoate, 35

8 10 13
11 O\/
OW -
O
7 P
O O

A solution of 4-ethynyl-3,5-dimethoxyphenol, 29 (0.864 mmol, 1 eq., prepared from 292 mg of
28) in DMF (5 ml) was dropwise added over 1 hour to a solution of 4-bromobutyrate (1.24 ml,
8.64 mmol,10 eq.) and K,COs3 (143 mg, 1.04 mmol, 1.5 eq.) in DMF (5 ml) stirring at 60°C.
Once the addition was completed, the resulting solution was stirred for additional 10 minutes
before DMF solvent was removed under reduced pressure. The crude product was purified by
flash chromatography (silica, 3:7 EtOAc - hexane) to yield pale yellow solid (58 mg, 0.198
mmol, 23% over two steps).

HRMS (ESI") m/z 293.14148 [M+H]+ (C2sH30NOs requires 293.13835).

"H NMR (700 MHz, CDCls) 5 6.08 (2H, s, H?), 4.12 (2H, q, 3Jun 7.2, H'2), 4.02 (2H, t, 3Jn 6.1,
H8), 3.86 (6H, s, H7), 3.47 (1H, s, H%), 2.50 (2H, t, 3Jus 7.2, H'®), 2.10 (2H, m, H9), 1.25 (3H, t,
3w 7.2, H®)

13C NMR (151 MHz, CDCl3) & 173.18 (C'), 163.08 (C?), 161.27 (C*), 93.13 (C?), 90.93 (C?),
83.86 (C?), 76.65 (C') 67.01 (C?), 60.61 (C™2), 56.17 (C), 30.68 (C'°), 24.57 (C?), 14.33 (C").
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Figure 6.89: Accurate MS (ESI*) of 35.
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Figure 6.90: LCMS (Method E) of 35 AC (210-400 nm) (top) and the MS (ESI*) at 2.473 minutes (bottom).
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Figure 6.91: "H NMR (700 MHz, CDClI3) (top) and '*C NMR (151 MHz, CDCIs) (bottom) spectra of 31.

223



Ethyl 4-((4-(4-ethoxy-4-oxobutoxy)-2,6-dimethoxyphenyl)ethynyl)-6-
(hydroxymethyl)picolinate, 36

8 10

11 O\/13
Oﬁ/\g 7

Ethyl 4-(4-ethynyl-3,5-dimethoxyphenoxy)butanoate, 35 (58 mg, 0.12 mmol, 1 eq.), diethyl 4-
bromopyridine-2,6-dicarboxylate (98 mg, 0.14 mmol, 1.1 eq.) and [Pd(allyl)Cl]» (8.0 mg, 0.022
mmol, 0.2 eq.) were dissolved in anhydrous acetonitrile (10 ml) and degassed (freeze-pump-
thaw x 3). After that, TEA (1.00 ml, 7.22 mmol, 60 eq.) and piperidine (0.25 ml, 2.6 mmol, 22
eq.) were added, and the resulting solution was stirred at 40°C for 20 hours under argon. After
that, all volatile materials were removed under reduced pressure, and the crude was purified
by reverse-phase HPLC (Method D, retention time = 10.3 min) to give pale-yellow solid (20
mg, 0.042 mmol, 35%).

HRMS (ESI") m/z 472.1962 [M+H]" (C25H30NOs requires 472.1971).

"H NMR (400 MHz, CDCls) & 8.11 (1H, s, H19), 7.57 (1H, s, H15), 6.12 (2H, s, H3), 4.82 (2H,
s, H19), 4.47 (2H, q, 3Jun 7.1, H21) 4.17 (2H, q, 3k 7.2, H'2), 4.06 (2H, t, 3Jun 6.3, HE), 3.90
(6H, s, H7), 2.53 (2H, t, 3Jun 7.2, H'), 2.13 (2H, m, H9), 1.44 (3H, t, 3Jnn 7.2, H?2) 1.25 (3H, t,
3nn 7.2, H®)

3C NMR (151 MHz, CDCls) & 173.18 (C'), 163.08 (C?), 161.27 (C*), 93.13 (C®), 90.93 (C?),
83.86 (C%), 76.65 (C') 67.01 (C?), 60.61 (C™2), 56.17 (C), 30.68 (C'°), 24.57 (C?), 14.33 (C").
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Figure 6.92: Accurate MS (ESI*) of 36.
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Figure 6.93: LCMS (Method E) of 36 AC (210-400 nm).
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Figure 6.94: "H NMR (700 MHz, CDClI3) (top) and '*C NMR (151 MHz, CDCls) (bottom) spectra of 36.
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Ethyl 4-((4-(4-ethoxy-4-oxobutoxy)-2,6-dimethoxyphenyl)ethynyl)-6-
(((methylsulfonyl)oxy)methyl)picolinate, 37

ethyl 4-((4-(4-ethoxy-4-oxobutoxy)-2,6-dimethoxyphenyl)ethynyl)-6(hydroxymethyl)picolinate,
36 (20 mg, 0.042 mmol, 1 eq.) and methanesulfonic anhydride (27 mg, 0.155 mmol, 3.7 eq.)
were dissolved in anhydrous THF (4 ml) and DIPEA (22 pl, 0.126 mmol, 3 eq.) was added.
The resulting solution was stirred at rt for 1 hour under argon. After that, volatile organic
materials were evaporated under reduced pressure, and the obtained yellow solid was
redissolved in DCM (10 ml). The resulting solution was washed with water (10 ml x 3), and
the combined aqueous phases were extracted with DCM (5 ml x 3). The combined organic
layers were dried over MgSOQO., filtered, and DCM was evaporated under reduced pressure to

yield pale yellow solid that was used in the next step without further purification.

HRMS(ESI*) m/z 550.1744 [M+H]" (C26H32NO10S requires 550.1747)
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Figure 6.95: Accurate MS (ESI*) of 37.
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Figure 6.96: LCMS (Method E) of 37 AC (210-400 nm) (top) and the MS (ESI*) at 2.900 minutes (bottom).
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38

Potassium carbonate (38 mg, 0.275 mmol, 7 eq.), ethyl 4-((4-(4-ethoxy-4-oxobutoxy)-2,6-
dimethoxyphenyl)ethynyl)-6-(((methylsulfonyl)oxy)methyl)picolinate, 37 (0.042 mmol, 1.1 eq.)
and TACNe3HCI (9.2 mg, 0.039 mmol, 1 eq.) were dissolved in MeCN
(5 ml) and stirred at 60°C for 20 hours under argon. After that ethyl 6-
(((methylsulfonyl)oxy)methyl)-4-((2,4,6-trimethoxyphenyl)ethynyl)picolinate, 15 (0.085 mmol,
2.2 eq., prepared by mesylation of 31.6 mg of 14) was dissolved in MeCN (5 ml) and added
to the reaction mixture. After that, the mixture was stirred at 60°C for additional 20 hours under
argon. After that, MeCN was removed under reduced pressure, and the crude mixture of

products was redissolved in MeOH (5 ml) and used in the next step without further purification.

LCMS (ESI*) m/z 1289.739 [M+H]*
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Figure 6.97: LCMS (Method E) of 38 AC (210-400 nm) (top) and the MS (ESI*) at 3.158 minutes (bottom).
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EulL*

To a solution of 38 (0.039 mmol) in MeOH (5 ml) was dropwise added water until white
precipitate remained. pH of the resulting solution was adjusted to 12.5 using 1M NaOH. The
solution was stirred at 60 °C for 3 hours while its pH was periodically adjusted to 12.5 until
hydrolysis completion was confirmed by LCMS. After that, the solution pH was readjusted to
6.5 using 1 M HCI. EuCls;.6HCI was then added (15 mg, 0.041 mmol, 1 eq.) and the resulting
solution was stirred at rt for 20 hours. After that, the solvent was removed under pressure to
yield yellow solid which was purified by reverse-phase HPLC (C+s, Method C, retention time =

20.7 min) to yield yellow solid (3.1 mg, 0.0023 mmol, 6% over two steps).

HRMS (ESI*) 1325.3356 [M+H"] (CesHs1'"EuNsO17 requires 1325.3370)
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Figure 6.98: Simulated (top) and recorded (bottom) accurate MS (ESI*) of EuL?.
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Figure 6.99: LCMS (Method E) of EuL* AC (210-400 nm) (top) and the MS (ESI*) at 2.900 minutes (bottom).
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A novel arylalkynylpyridine-sensitised nine coordinate quasi-Cs symmetric all carboxylate donor
eurcpiumn(i) complex (Eul) possessing exceptionally high circularly polarised brightness in both AJ =1
and AJ = 2 transitions was prepared and tested in spin-coated solid-state PMMA thin films. The
authentication of the circularly polarised luminescence (CPL) layer was successfully performed using CPL
photography (CPLP) and enantioselective differential chiral contrast (EDCC) imaging for both transitions
simultanecusly using appropriate band pass filters. The effect of reflective properties of different thin film
substrate materials on the recorded chiral contrast was guantified using the newly introduced CPLP
dissymmetry factor (gepoe) which compared to the average dissymmetry factor values obtained using
a photo elastic modulator (PEM) based CPL spectrometer. Circularly polarised brightness (CPB) of AJ = 2
(590 mol™* dm® e at 607 nm] was the highest ever reported and that of AJ = 1 (307 mol™* dm” cm ™
at 596 nm) was third best across other CPL-active materials with reported CPB. This makes EuL the best
candidate for next-generation CPL-active multi-tier ‘chamelecn security inks'.

Received 16th July 2025
Accepted 2nd January 2026

DOI: 10.1029/d5sc05303)

rsc.lifchemical-science

CPB can also be used as a reference parameter to compare
the performance of different CPL-active materials, where the

Introduction

Light emitting materials that possess circularly polarised
luminescence (CPL) have been increasingly developed for
security applications.'™ CPL-based security layer could improve
the existing anti-counterfeiting technologies for the use in
passports, driving-licenses and banknotes.>** The strength of
CPLis characterised by luminescence dissymmetry factor (g,,.):

G — 2(JcpLi — ferir) 0

(deprr + Fepr)

where [, and I, are intensities of left-handed and right-handed
components of CPL. The values of gy, range between g, = 2
(100% left-handed polarisation) and gum = —2 (100% right-
handed polarisation), where gium = 0 indicates no net circular
polarisation (CP). Practically useful CPL-active dyes must not
only have high giym but also luminescence brightness [5) which
is a product of molar absorption coefficient (¢) and photo-
luminescence quantum yield (). The product of the two is
known as CPL brightness (CPB):"?

epSum (2)

CPB = g
2 2
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maximal observed value of the g, is used. CPB can also be
caleulated for individual transition (CPB;) using branching
factor (§;) which is the ratio between the intensities of the
emission band of interest (I;) and total emission:”

CPB, = 8, x CPB (3)

Itis particularly useful for applications where the wavelength
of the detected light can be selected, for instance, by a band
pass filter (BPF)." In that case, the average fium for the selected
wavelength region is used to calculate CPB;. Therefore, the
emission manifold with single CPL sign is desired to maximise
CPB; by avoiding cancellation of CP. Therefore, materials with
high CPB; can be used in security tags suitable for rapid CPL
verification.

CPL-active materials with the highest known CPB values are
organometallic lanthanide complexes.” Here we explore
arylalkynylpyridine-sensitised quasi-C;
symmetric 9N3 europium(m) complexes. These already
found applications in bioimaging due to their advantageous
photophysical properties such as millisecond long emission
lifetime, narrow fingerprint like lanthanide-centred f-f emis-
sion bands, large pseudo-Stokes' shift and tunability of sensiti-
sation vig the ligand structure optimisation of absorption
maxima and targeted cell localisation.***

nine-coordinate

1927
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Eufm) complexes have been explored as candidates for CPL-
active security inks, that can be authenticated by both
enantioselective differential chiral contrast (EDCC) imaging
using CPL microscopy and circularly polarised luminescence
photography (CPLP) using a novel handheld CPLP camera (SI
Section 2.3)."2% The latter exploits a narrow 10 nm BFF for
isolation of individual transitions, for example, 594 4 5 nm BPF
(BPF594/10) and 610 = 5 nm BPF (BPF610/10) to select "D,
— F, (& = 1)and "D, — "F, (4] = 2) respectively. Commonly,
only magnetic-dipole (MD) allowed Af = 1 transition has been
used for CPL-imaging due to its strong CPL activity and single
CPL sign conservation. The use of AJ = 1 transition is not
optimal since it makes up only around 5% of total EuL emis-
sion. The use of the brightest A = 2 (; = ~35%) is more
desirable since it would require around 7 times less material to
produce the same emission intensity and therefore CPB;. On the
other hand, due to its MD forbidden nature, Af = 2 usually
shows low gy In addition to that, the environmentally
hypersensitive A = 2 manifold often shows complex variation
in CPL sign that result in overall cancellation of the detected
CPL signal.” Both factors significantly reduce CPB; of A] = 2,
making it unsuitable for CPLP.

This leads to the main requirement for a CPL-active security
ink: conservation of the CPL sign across the emission manifold to
maximise the average g,,, within the selected wavelength region.
Therefore, it is important to consider the symmetry at the Eum)
emitting centre that affects the multiplicity of the electronic states
involved in a transition. For Eu(m), the emissive "Dy state has
a multiplicity of 1 (f = 0) in all symmetries unlike the multiplici-
ties of the “F, and “F, which depend on the point group. As
a result, a lower symmetry at Eu{m) increases the multiplicity of
the two states which then leads to multiple CPL emission bands
within Af = 1 and Af = 2 with potentially opposing helicity.

The symmetry at Eu(m) site in the complexes of interest is
attributed to the C; point group, which suggests the multiplicity
of 2 and 3 for the “F, and 7F, states respectively. This multi-
plicity is the same across other high symmetry classes such as
hexagonal and octagonal but can increase when the symmetry is
lowered.

Parent Eu(m) complex structures that were the most widely
explored for their CPL activity contained phosphinate donor
groups.>®#3 The use of pentavalent phosphorus allows for
additional structural modifications. For example, bulky phenyl
groups on phosphorus are believed to limit complex race-
misation since it requires simultaneous inversion of the chiral
phosphorus centre as well as inversion of the 1,4,7-tri-
azacyclononane (TACN) ring and rotation of the sensitising
chromophores.® This is important since enantiopure complexes
must not racemise during short-term exposure to high temper-
ature (up to 150 °C) during lamination. On the contrary, phos-
phinate donor complexes normally possess multiple low
intensity CPL bands in the A = 2 manifold which often
demonstrate CPL sign fluctuation. A recent exception to this was
a mixed-donor complex containing two phosphinate and one
carboxylate donor groups.® Although it produced a single-sign
CPL A&f = 2 manifold, it only contained two sensitising chromo-
phores {out of 3 possible) reducing ¢ and therefore inherently

4650 | Chern. Sci, 2026, 17, 4649-4658
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reducing CPB. Although a direct relationship between the
complex structure and its observed CPL spectrum is not fully
understood, it was proposed that substitution of chiral phos-
phinate donors with achiral centrosymmetric bidentate carbox-
ylate donors would reduce the magnetic dipole moment induced
(total angular momentum driven). This would greatly affect the
overall rotatory strength of the molecule and the variation on CPL
sign within the Af = 1 and A/ = 2 manifold. In contrast to the
pseudo-tetrahedral geometry of the phosphinate donor, trigonal
planar geometry of the carboxylate donor does not allow the
oxygen atom to approach the luminescent Eu'" centre as closely.
This leads to a weaker crystal field experienced by Eu*" which
reduces the crystal field splitting of the individual “F; electronic
states (especially relevant for the ‘hypersensitive’ Af = 2 transi-
tion). As a result, the transition multiplet is simplified on both
the total emission spectrum and the CPL spectrum. This
increases the probability of the CPL sign conservation within
a transition by decreasing the total number of individual bands
that can produce sequentially opposite sign of CPL.

In this work, the design of the novel EuL complex was aimed
on conservation of the CPL sign within both &7 = 1 and &4f = 2
transition manifolds. This will make the Ful the best known
candidate for the recently proposed Chameleon Security Inks (CSI)
concept comprising of a blend of achiral short-lived (ns) lumi-
nescent dyes and chiral {or achiral) long-lived (ms) europiumm)
emitters.' Strong dissymmetry of the Af = 2 would generate an
additional CPL security layer to the existing five-tier multi-
coloured, multi-spectral, opposing helicity security, combined
with high spatial and temporal resolution. In addition, the ability
to use the brightest A/ = 2 transition for CPL based security
authentication would reduce the required amount of the material
and therefore the resulting cost of the security tag, bringing it
another step closer towards widespread commercial application.

Results and discussion
Synthesis of EuL

The synthetic design of EuL was based on the examples of the
previously reported modular approach for isostructural mate-
rials with details provided in the supplementary information (51
Section 6)."**"*****" The ‘top’ aryl-alkynyl (Fig. 1 - red) and the
‘bottom’ pyridyl (Fig. 1 - blue) components of the sensitising
chromophore are synthesised separately (SI Fig. 5 and 6) before
they are coupled in a Sonogashira reaction. This provides
a functionalisation flexibility to achieve the desired photo-
physical properties. The chromophore is then mesylated and
attached to the 1,4,7-triazacyclononane (TACN) to form
a macrocycle containing three chromophores. This if followed
by a base-catalysed hydrolysis and complexation to a euro-
pium(m) chloride hexahydrate to produce Eul as a racemic
mixture. The two enantiomers of EuL were then separated using
chiral HPLC (SI Section 3).

General photophysical properties

Similarly to other sensitised lanthanide complexes, a large
pseudo-Stokes shift of around 257 nm was observed for EuL

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Reaction scheme for the synthesis of EuL from the arylalkynyl (red) and bromo pyridyl (blue) components of the chromophere.

(Fig. 2A). The band shape match between the absorption and
excitation spectra of EuL in MeCN confirmed the sensitised
nature of the Eu(m) emission. Importantly, the emission profile
was independent of the solvent, which is advantageous for wide
security application, where different host material can be used.
The quantum yield (@) of EuL was measured as 45% in aceto-
nitrile (MeCN) using the absolute method (S1 Section 2). The
molar extinction coefficient () of EuL was determined as 77 000
4 1000 M~' em ' in MeCN (Fig. 2B). In order to confirm the
accuracy, the ¢ of a single chromophore was measured as 27 000
+ 200 M ™! em ™" in MeCN which was approximately one third of
that measured for EuL containing three chromophores.

Eul is sensitised by arylalkynyl pyridyl containing chromo-
phores that are known to possess a photoinduced internal
charge transfer (ICT) excited state.”® This is provided by an
electron rich aryl and electron poor pyridyl groups conjugated
by the alkyne linker. It was previously reported that the highest
occupied molecular orbital (HOMO) of such chromophore is
localised on the electron-rich aryl.** Therefore, substitution of
the aryl with electron-donating groups results in a bath-
ochromic shift of the absorption maximum (Jm..) mediated by
an increased HOMO energy.' This is beneficial for the appli-
cation in security inks where longer excitation wavelengths such
as that of commercially available 365 nm light emitting diodes
(LEDs). As a result, 2., of EuL in MeCN was recorded at 358 nm
(Fig. 2C), with still 94% of maximal absorbance at 365 nm. A
bathochromice shift of 4, with increasing solvent polarity was

© 2026 The Author(s). Published by the Royal Society of Chemistry

also observed, which was in agreement with the ICT nature of
the transition.*

No strong correlation between the emission lifetime (1) and
solvent polarity was observed for the chosen group of solvents
with 1 values ranging between 1.0 and 0.9 ms at room temper-
ature [Fig. 2D). A significantly lower 1 of 0.6 ms was recorded in
methanol (MeOH). The experiment was repeated in deuterated
methanol (MeOD) to produce a higher t of 0.9 ms. Since t ob-
tained in MeOD was similar to the rest of the other alcohols,
emission quenching was not attributed to vibrational relaxation
of the chromophore excited state via O-H oscillators. Instead,
the difference in r was attributed to hydrogen bonding ability of
the solvent, where the carboxylate donor group of the chromo-
phore can act as a hydrogen bond acceptor. This decreases the
energy of the ICT excited state resulting in a higher rate of the
thermally activated back energy transfer (BET) from the
excited °D,, state of Eu(m). This increases the lifetime of the 1CT
excited state and therefore the probability of nonradiative
relaxation processes.

Circularly polarised luminescence spectroscopy and circularly
polarised brightness

The two enantiomers of EuL produced mirrored CPL spectra of
opposite signs. The enantiomers were assigned as 4 and A
based on the CPL sign of the Af = 1 transition, which was in
accordance with the previously reported X-ray crystallographic
study of isostructural materials.® The racemisation study of

Chern. Sci, 2026, 17, 4649-4658 | 4651
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[B): Absorption against concentration of EuL and its chromophore in MeCN. (C): Mormalised absorption spectra of EuL in solvents of increasing
polarity. (D): Normalised flucrescence emission lifetime of EuL in solvents of increasing polarity [Eull = 1 pM.

EuL in different solvents at 60 °C determined racemisation half-
life of 190 + 20 hours (SI Section 3, SI Fig. 3}, while no race-
misation was observed at room temperature. This suggests that
EuL would be suitable for security applications with long-term
conservation of CPL dissymmetry at ambient conditions and
short-term stability towards racemisation during document
lamination (150 °C, 1 5 em™ ').™ In addition, CPL profile was
independent on solvent (SI Fig. 7) suggesting suitability for
a wide-spread application in different host materials with
conservation of CPL properties. In contrast to the previously

complexes, 1522 the Af = 2 band was highly CPL active with
significant sign retention (Fig. 3). This resulted in the peak CPL
intensity of the Af = 2 (at 615 nm) around 2.5 times higher than
that of AJ = 1 (at 594 nm). The only example with such strongly
CPL-active monosign Af = 2 band is Em:BPEPC, a commonly
known CPL-standard.*® The whole A/ = 1 manifold (588-605
nm) of EuL was single-sign, producing the average g, of 0.21
and the highest gy values of +0.30 (at 597 nm) and +0.29 (at
601 nm) for 4-EuL and —0.29 (at 597 nm) and —0.29 (at 601 nm)
for A-EuL (Fig. 3). Such outstanding gium values of EuL are

reported CPL spectra of various phosphinate donor higher than those of most other reported Eu(m) complexes
610/10
60.0 - 0.3- prinnan, .
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i ravge | 2 | et | 3 | ambemnt
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Fig.3 CPL spectrawith maximal gy,m values for AJ = 1 and AJ = 2 shown (left) and the corresponding gim plots (right) of 4-Eul (blue) and A-Eul
[red) in MeCN (is, = 360 nm, 5 averages) and their maximal with the 2 ranges used for CPB calculations shown and the relevant values sum-

marised in the inset tables
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Although there are few examples that report Eu(m) complexes
with higher than 0.30 gy, values for the Af = 1 transition, they
often have lower values of @ and ¢, resulting in lower CPB; which
limits their security application.”* For example, one material
demonstrated the gy,,, values of £0.33 (at 600 nm) but a rela-
tively low @ of 11%.** Another example reported similar g,
values of +0.298 and —0.294 but much lower & (23 000 mol ™"
dm3 em ') and @ (11%).”” The material (Cs[Eu(+)-(hfbe),]) with
the highest ever reported gy, of 1.38 (at 595 nm) also has
significantly lower ¢ (35 000 mol™* dm® em ™) and @ (3%).* This
highlights the superiority of CPB; over glum to assess the
performance of the CPL emitters for practical applications.
The average gium of the single-sign region within the Af =2
manifold (606-618 nm) was 0.031 with the highest values of
—0.071 (at 607.5 nm) for 4-Eul and +0.071 (at 607 nm) for A-
EuL. This puts EuL the third best in terms of previously reported
Lum for AJ = 2 after previously mentioned Cs[Eu(+)-(hfbe),]
producing gy, of 0.25 (at 614 nm) and another material
with 0.11 at (616 nm).*** The latter also has lower values of ¢
(55000 mol ™" dm* em™") and @ (11%) which reduces the CPB,.
In order to assess the applicability of EuL for the use in
security tags authenticated by CPLP, CPB; for the single-sign
regions of A/ = 1 and AJ = 2 CPL bands were estimated. To
account for the variation of the CPL intensity and g, within
the selected (by BPFs) wavelength regions, the average gium
value for each region was used to calculate CPB; (Fig. 3, top
table). As a result, the calculated CPB; for A = 1 and Af = 2
transitions were similar (202 and 189 mol™! dm® em™?), sug-
gesting both transitions can be used for CPLP. Since previously
reported CPB values for other materials were calculated using
the maximal g,,,, for each transition, they were also calculated
as CPB,,,, (Fig. 3, bottom table] for comparative study. As
a result, the maximal CPB, for AJ = 1 and Af = 2 were calculated
as 307 (at 596 nm) and 590 (at 607 nm) mol ' dm* em™
respectively. This puts CPB; of EuL above the average for both
Af=1and Af = 2 (286.6 and 69.4 mol™" dm’ em ™" respectively)
in previously reported CPL-active Eu®’ complexes.” EuL is the
third best in terms of the CPB; for Af = 1 after the recently
reported tetrahedral Eu,L,(L"), cages with CPB; of 3240 and
1122 mol ' dm® em™".** On the other hand, CPE; for the Af = 2
transition in these materials was not reported. The unprece-
dented CPB; of 590 mol™' dm® em ™" (at 607 nm) produced by
the Af = 2 of EuL is the highest ever reported to the knowledge
of the author with the second best producing almost three times

lower value of 213 mol~" dm® ¢m~".»

Circularly polarised 1 ence photography

The proposed security tags containing enantiopure EuL would
be authenticated with the recently developed CPL photography
(CPLP) camera (SI Section 2.3)." Its working principle is based
on precise alignment of a quarter waveplate (QWP) with 4
different orientations (0%, 45%, 90° and —45°) linear polarisers
covering an array of photodiodes. QWP converts CPL into
a linearly polarised (LP) light with polarisation plane at 45°
(right-hand CPL (RCPL)) and —45° (left-hand CPL (LCPL)) with
respect to the fast axis. This LP light then passes through the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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polarisers before sensitising the underlying photodiodes. This
generates sensitivity of the camera towards the CPL sign where
4 simultaneously taken images contain different information
on chirality of the light emitted by the probe. For example, if the
QWP is aligned with the 45° polarisers, then 0° and 90° chan-
nels will be more sensitive towards LCPL (L image) and RCPL (R
image) respectively while 45° and —452 will each contain half of
the total emitted light intensity. Since chiral probes still emit
both LCPL and RCPL, image subtraction is required to generate
a ‘true’ CPL image, which was previously reported as enantio-
selective differential chiral contrast (EDCC).*® For example, to
obtain a CPL image of a LCPL-active probe, the intensity of the R
image can be subtracted from the intensity of the L image (L —
R). Since the Fiji (version 1.53q) software™ doesn't allow for
negative intensity, the R — L image of such probe will be zero
rather than negative (practically near zero due to solarisation
dependent pixel displacement and directional light guided
reflection). Therefore, for RCPL-active probes the R — L image
will be relevant. The total intensity can be calculated by L + R
and used to obtain the CPLP specific dissymmetry factor (gop p):

(L-R)

(L+R) @)

geprp =2 %

Importantly, when R — L image was used in calculation, the
Zeprr value must be multiplied by —1 to account for the negative
CPL sign of RCPL:

TR ©)

The choice of the correct formula is based on relative
intensity of the L — R and R — L images, where the brightest
image is used.

In theory, geppe must correlate with gy, due to a similar light
polarisation information acquisition principle between the
CPLP camera and photo elastic modulator (PEM) based CPL
spectrometer. In the CPLP camera blueprint the QWP is fixed
and orientations of the linear polariser clusters are used to
distinguish the L- and R-CPL, whilst the conventional CPL
spectrometer exploits a PEM that serves as a QWP with a vari-
able angular orientation in combination with a fixed linear
polariser.

As a result, not only the observed CPL sign but also gop e
numerical values could be used to authenticate a CPL-active
security ink. To test the CPL security performance of EuL, poly-
methyl methacrylate (PMMA) thin films (200 nm) containing the
two enantiomers (labelled as 4 and 1) were spin coated on glass
(51 Section 4] and subjected to CPLP followed by EDCC (Fig. 4).
Due to the similarity between the obtained CPB; values of 202 and
189 mol ' dm® em ™' for the wavelength regions of BPF594/10
and BPF610/10, both Afj = 1 and AJ = 2 transitions were
imaged. The L + R, L — R and R — L calculated images were then
used for g p calculations. In contrast to measuring the intensity
of the whole image, a specific region of interest was chosen to
avoid the error associated with rough edges of the glass substrate
which is a source of undesired reflections of the emitted light.

Chermn. Sci, 2026, 17, 4649-4658 | 4653
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Fig.4 CPLP calculated images (L + R, (L + R)-TE45* L — R and R — L) of the spin coated PMMA films under 365 nm excitation containing A (top
two rows) and A (bottom two rows) enantiomers of Euly using BPF584/10 (two left columns) and BPFE10/10 (two right colurnns) with regions of
interest for gep e calculations and their average intensities shown in yellow. Scale bar = 5 mm. R — L and L — R images are 6 times contrast
enhanced for display. *TE45 image is a sum of the two images generated from 45° and —45° channels that have no CPL sign preference (QWP
aligned with 45° polarisers) and record half of the total intensity each; subtraction of TE45 from (L + R) should theoretically produce an image

with zero intensity, which is practically nonzero due to experimental error.

As expected, each enantiomer produced intensity in either L
— Ror R — L depending on the BPF used. This correlated with
the CPL sign of each enantiomer within the selected wavelength
regions of the AJ = 1 and AJ = 2 manifolds. For example, the
CPL spectrum of 4-Eul has a positive sign in 589-599 nm
region (BPF594/10, Af = 1) and a negative sign in 605-615 nm
region (BPF610/10, AJ = 2), which correlated with L — R and R
— L images when using BPF594/10 and BPF = 610/10 respec-
tively. The geppp values were then calculated from the L — R and
R — L images as +0.10 and —0.0024 respectively. When
compared to the average gy,,,, values recorded using a PEM-CPL
spectrometer for the equivalent wavelength regions (+0.21 for
589-399 nm and —0.033 for 605-615 nm and), it was evident
that the magnitude of dissymmetry factor produced by the A4-
EuL containing film in Af = 1 and A = 2 decreased by ~50%
and ~30%. Similar results were obtained for the film containing
A-EuL, where the gepe value of —0.11 decreased by ~50%
compared to flum of —0.22 for A = 1; however, remained

4654 | Chern. Sci, 202617, 4649-4658

essentially the same for the AJ = 2 where gepp = +0.035 and
Zium — +0.033.

To confirm that the reduction in gep.p is not a product of
a random error, the calculation was repeated for multiple films
that were sequentially spin coated using the same method as for
the original film (SI Fig. 10 and 11). This could also determine
whether the structural imperfections of the spin-coated films
significantly impact the geppp.

As a result, all 4 films consistently produced nearly identical
Zeprp values when using the same BPF, resulting in 50% and
30% geppp reduction for the A = 1 (BPF594/10) and Af = 2
(BPF610/10) respectively compared that of the 4-EuL solution
(Table 1). It was hypothesised that such reduction in gepp
resulted from reflection of CPL from the glass substrate that led
to the sign inversion. The stronger effect observed in the 589
599 nm region could be attributed to shorter wavelength light
being more susceptible to scattering compared to that of longer
wavelength.

2 2026 The Author(s). Published by the Royal Society of Chemistry

239



Open Access Article. Published on 12 January 2026, Downloaded on 3/27/2026 9:58:30 AM.

censed under a Creative Commons Attribution 3.0 Unported Licence.

o
t
o

=

B

Edge Article

View Article Online

Chemical Science

Table1 Comparison of the gep p of spin-coated 4-Eul PMMA films on glass with 4-Eul in MeCN over the applied band- pass filter (BPF) range

Glass substrate gepp

BP filter 1 2 3 4 Solution state geppp % gopep reduction
BPF594/10 +0.10 +0.10 +0.11 +0.11 +0.21 50%
BPF610/10 —0.024 —0.024 —0.024 —0.024 —0.031 30%

Table 2 Comparison of gepe for 6 sequentially spin-coated 4-Eul PMMA films on glass and 4-Eul in MeCN aver the applied band-pass filter

(BPF) range

Black tape substrate gepp

BP filter 1 2 3 4 [ Solution state geprp % gepep reduction
BPF594/10 0.17 0.17 016 0.17 017 016 0.21 20%
BPF610/10 —0.038 —0.039 —0.037 —0.041 —0.037 —0.038 —0.031 —

To test this proposal, the glass substrate was covered with
black matt tape, which is non-reflective in the wavelength of
interest, non-emissive under 365 nm irradiation (SI Fig. 9) and
not soluble in DCM. The same solution of 4-EuL was then used
to prepare & spin-coated PMMA films for CPLP (SI Fig. $12).

Similarly to the films spin-coated on glass, the obtained
gepre values (Table 2) were consistent across the 6 films using
both BPFs which suggested high reproducibility of the method.
The change of substrate increased the geppp for the Af = 1
(BPF594/10); however, they are slightly lower (20%) compared to
the solution. Similarly to that, the gep e for the Af = 2 increased
(BPF610/10) to become essentially equal to its gium equivalent.

In order to confirm the substrate dependence of the gopp,
the experiment was repeated with solution state EuL. Black non-
reflective in the wavelength region of interest non-emissive
plastic caps (51 Fig. 59) were filled with 4-Eul, A4-EuL and
racemic Eul solutions in acetonitrile of equal concentration

and placed within a single frame for CPLP and EDCC [Fig. 5).
The relevant areas of the calculated images were then used to
calculate ge.p p values of 0.21 and —0.17 for A-Eul and /-Eul
respectively when using the BPF594/10 and + 0.031 for the
BPF610/10. This correlated with the gy, values within the
experimental error for dissymmetry factor of around + 0.02
(~11%) for the AJ = 1 possessing brightest CPL and around +
0.003 (~9%) for A = 2 when reflection is minimal. The race-
mate did not produce a significant intensity in either L — Ror R
— L images as expected.

The experimental error associated with CPLP could arise
from the photoexcitation of the stage not being perfectly
homogenous leading to unequal spatial excitation of the
sample. As a result, certain pixels of the camera module might
get oversaturated, serving as a source of error in image calcu-
lation. Moreover, the pixels within the module are not identical
and might have slightly different sensitivity. The same applies

249

Fig. 5 2 sets (using BPF594/10 and BPFE10/10) of 4 CPLP images: (L + R. (L + R)-TE45, L — R. R — L) of the A (bottom left), A {bottom right) and
racemic (R) {centre top) samples of Eul under 365 nm excitation with the regions of interest for ges.e and their average intensities shown in

yellow. Scale bar = 5 mm.

D 2026 The Author(s). Published by the Royal Society of Chemistry
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to the imperfect alignment of the linear polarisers at each pixel.
If distribution of such pixels is not random, the error is gener-
ated when a specific area of an image is selected for the average
intensity measurement. Another source of error could be asso-
ciated with inelastic scattering of the excitation light by the
sample, making it fall into the detection wavelength range. Such
light would likely be linearly polarised, and therefore L and R
channels would be subjected to linear dichroism.

Since each enantiomer of EuL produces A/ = 1 and A/ = 2 of
mutually opposite CPL sign, a single enantiomer results in
detectable intensity in either (L — R) or (R — L) images
depending on the BPF used. This makes EuL a unique security
ink that simultaneously incorporates two CPL security layers. In
contrast to this, most other reported CPL-active Eu®’ complexes
could only produce detectable intensity in the wavelength
region of the A/ = 1 band.

As a proof of concept, two films spin coated on the matt
black tape containing one enantiomer each were imaged
together. For example, an authentic tag would contain 4-EuL on
the left-hand side and A-EuL on the right-hand side (right and
left can be replaced with different parts of the security tag
pattern). The left-hand side would then appear on the L — R

View Article Online
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image when using BPF594/10 (A/ = 1) and R — L image when
using BPF610/10 (A/ = 2). Simultaneously, the right-hand side
will show on the R — L image with the BPF610/10 and L — R
image with the BPF594/10 (Fig. 6). Since sequentially produced
films resulted in consistent gy p values in both BPF594/10 and
BPF610/10, the tag can be further secured by cross-checking the
Zeprp Numerical values for each spatial region with the expected
threshold. The whole sequence can be then automated and
combined with other security layers as chromatic (colour),
spectral (emission profile) and temporal (time-gating to cut off
nanosecond scale emission of organic dyes present, lifetime of
the both 4- and A-EuL in PMMA films were measured as 0.8 +
0.1 ms - see SI Fig. 14) that are already present in banknotes and
identification documents."

During prolonged experiments using CW excitation in excess
of 1 hour, using our commercially available 365 nm UV LED
irradiation source (1 W total power, collimated and focused to
ad = 1 cm circle) we have not recorded any photodegradation
and loss of CPL intensity of the studied films. These observa-
tions of photostability are based on camera exposure time and
CPB being constant and unaltered throughout the studies.

RCPL (R-L)

' :

Fig. 6 CPLP calculated images used for authentication of the proof-of-concept security tag containing 4-Eul, {left of each image) and A-Eul,

(right of each image) under 365 nm excitation with average intensities of the regions of interest shown in yellow scale bar
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Conclusion

A novel bright CPL-active quasi-C; symmetric EuL complex
containing all carboxylate donor groups was prepared, chirally
separated and photophysically characterised. EuL was excep-
tionally bright due to high values of the quantum yield (45%)
and molar extinction coefficient (77 000 M~' em™') while its
near 365 nm maximal absorbance suggested optimal excitation
by commercially available 365 nm UV LEDs. Invisible to the
unaided naked eye, their large pseudo-Stokes' shift allowed for
absorption in the UV and emission in the visible regions.
Emission lifetime on the millisecond time scale allows for
temporal separation by time gating out nanosecond time-scale
emission of applied organic dyes. Both A] = 1 and AJ = 2
transitions demonstrated strong monosign CPL with CPBuax
values of 307 mol™* em™* at 596 nm and 590 mol™' ecm™* at
607 nm respectively, rendering it to be best known candidate up
to date for CPL security ink so far. The CPB; was also calculated
for the 594 + 5 nm and 610 + 5 nm single sign regions selected
by BPFs to confirm the suitability of both transitions for
authentication by CPLP. EuL was embedded into solid-state
PMMA spin-coated thin films for a Proof of Concept (POC)
security tag. Both enantiomers were successfully authenticated
vig CPLP and EDCC where dissymmetry of both A = 1 and
Af = 2 transitions was rapidly detected. The recorded dissym-
metry was also quantified using the newly introduced term
Zeprp and the results compared to the average gium values
recorded by the PEM-CPL spectrometer in the same wavelength
regions. The gepre values calculated from the EDCC images of
solutions of EuL enantiomers were in good agreement with the
Zium values; however, the gepir was significantly reduced in
PMMA films on a glass substrate. The proposed hypothesis of
dissymmetry reduction via reflection induced CPL sign cancel-
lation from substrate was confirmed by replacing glass with
black non-reflective tape that recovered the magnitude of gepp.
The gepp values remained consistent across multiple sequen-
tially spin-coated films, suggesting high repeatability and
consistent CPL security feature.

Spurred on from the reliability of gem,e as a performance
indicator for CPL active chiral emitters when measured using our
polarisation sensitive CPLP camera,” as a future direction we
propose to use blends of enantiopure Ln{m}-complexes utilising
CPL-fingerprint engineering resulting in the 2nd generation of
more sophisticated CPL-CSIs (Chameleon Security Inks). The
sign, and importantly the recorded numerical dissymmetry factor
(gepLe via CPLP) of these blended dyes, can be compared to an
expected value during authentication. This will take security to
another level, as the same exact blend of enantiopure (4 and )
Ln{m) complexes and their precise enantiomeric ratios would
need to be replicated to counterfeit such security inks.

Statistics and reproducibility

Where instruments incorporating a scanning monochromator
have been used (absorption, emission, and excitation spectra)
each sample has been recorded and averaged as triplicate
measurements. Spectra, where CCD detectors have been

© 2026 The Author(s). Published by the Royal Society of Chemistry
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employed, have been measured as an average of one hundred to
a thousand spectra on triplicate samples according to the
protocol detailed in the S1 Section.
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1. General procedures

All starting materials are commercially available and distributed by Merck. Analytical and
HPLC grade solvents were used and degassed using freeze-pump-thaw or cycling where
appropriate.

Silica gel plates on aluminium support (0.2 mm thick, 60 F254, Merck) were used in thin layer
chromatography (TLC) and resolved under UV radiation source at 254 or 365 nm. Flash
column chromatography was manually prepared using silica gel (60 (230-400 mesh,
Flourochem).

Preparative reverse-phase HPLC was performed using a Shimadzu module comprising of a
Vacuum Degasser (DGU-20ARS5), a Prominence Liquid Chromatography pump (LC-20AP), a
Prominence UV-Vis Detector (SPD-20A) and a Communications Bus Module (CBM-20A).
Sample separation was performed using a preparative XBridge C;3 OBD column (19 x 100
mm, 5 um, flow rate = 17 cm?® min') with fractions collected manually. The solvent system was
a mixture of H2O and MeCN, where the proportion of the two solvents was varied in time(Table
1).

Table 1: proportion of HO and MeCN or MeOH solvents in time-dependent gradient elution.

Step Time/ mins H-0O fraction MeCN fraction
0 0 0.9 0.1
1 4 0.9 0.1
2 14 0 1
3 19 0 1
4 22 0.9 0.1

'H and '3C NMR was performed on A Bruker Advance-400 ('H at 400.06 MHz and'C at
100.61 MHz), a Mercury 400 ('H at 399.95 MHz), a Varian VNMRS-600 ('H at 599.67 MHz
and 3C at 150.79 MHz) or a Varian VNMRS-700 ('H at 699.73 MHz and *C at 175.95 MHz)
using deuterated chloroform (Merck). Chemical shifts and J-couplings were reported in ppm
and Hz respectively.

Electrospray ionisation mass spectrometry was performed on a TQD mass spectrometer
containing an Aquity UPLC system and an electrospray ionisation source. Accurate mass
determination was performed on an LCT Premier XE mass spectrometer or a QToF Premier
Mass spectrometer. All mass spectrometers were equipped with an Aquity photodiode array
detector (Waters Ltd., UK).
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2. Photophysical measurements

2.1. Absorption, emission and lifetime measurements

All solution state optical analyses were carried out in quartz cuvettes with a path length of
1.0000 cm. Solid state (PMMA) samples were recorded using a custom-built holder. UV-Vis
absorption was measured on an ATl Unicam UV-Vis spectrometer (Model UV2) using Vision
software (version 3.33). Emission experiments were performed on an ISA Jobin-Yvon Spex
Fluorolog-3 luminescence spectrometer using DataMax software (version 2.2.10). Lifetime
was measured with a Perkin Elmer LS55 spectrometer using FL Winlab software either in
solution state (using a range of solvents (Main text Figure 2D) or neat PMMA films (Figure
S14). All emission experiments were performed at 1 uyM solution concentration. Absolute
photoluminescent quantum yields were determined using a Horiba FluoroMax Plus fitted with
a QuantaPhi-2 integrating sphere in solution state (MeCN). All samples were recorded at 1
UM in a1 em by 1 cm path length quartz cuvette with four clear sides. Excitation and emission
slits were fixed at 2 nm with neutral density filters (ThorLabs, NEK01S) used at the excitation
aperture to maintain a signal of approximately 10° cps at the excitation wavelength.

2.2.CPL spectroscopy

CPL was measured with a home-built (modular) spectrometer.’ The excitation source was a
broad band (200 — 1000 nm) laser- driven light source EQ 99 (Elliot Scientific). The excitation
wavelength was selected by feeding the broadband light into an Acton SP-2155
monochromator (Princeton Instruments); the collimated light was focused into the sample cell
(1 cm quartz cuvette). Sample PL emission was collected perpendicular to the excitation
direction with a lens (f = 150 mm). The emission was fed through a photoelastic modulator
(PEM) (Hinds Series II/FS42AA) and through a linear sheet polariser (Comar). The light was
then focused into a second scanning monochromator (Acton SP2155) and subseguently on
to a photomultiplier tube (PMT) (Hamamatsu H10723 series). The detection of the CPL signal
was achieved using the field modulation lock-in technigue. The electronic signal from the PMT
was fed into a lock-in amplifier (Hinds Instruments SignaLoc Model 2100). The reference
signal for the lock-in detection was provided by the PEM control unit. The monochromators,
PEM control unit and lock-in amplifier were interfaced to a desktop PC and controlled by a
custom-written LabVIEW graphic user interface. The lock-in amplifier provided two signals, an
AC signal corresponding to (IL- IR) and a DC signal corresponding to (IL+ IR) after background
subtraction. The emission dissymmetry factor was therefore readily obtained from the
experimental data, as 2 AC/DC. Spectral calibration of the scanning monochromator was

performed using a Hg-Ar calibration lamp (Ocean Optics, HG-2). A correction factor for the

246



wavelength dependence of the detection system was constructed using a calibrated lamp
(Ocean Optics, HL-2000). The measured raw data was subsequently corrected using this
correction factor. The validation of the CPL detection systems was achieved using light
emitting diodes (LEDs) at various emission wavelengths. The LED was mounted in the sample
holder and the light from the LED was fed through a broad band polarising filter and A/4 plate
(ThorLabs, LPVISE100-A and AQWP05M-600) to generate circularly polarised light. The
emission spectra were recorded with 0.5 nm step size and the slits of the detection
monochromator were set to a slit width corresponding to a spectral resolution of 0.25 nm. CPL
spectra (as well as total emission spectra) were obtained through an averaging procedure of
several scans.; all calculations were carried out using raw spectral data. Prior to all
measurements, the A/4 plate and a LED were used to set the phase of the lock-in amplifier

correctly.

2.3. Circularly polarised luminescence photography (CPLP) and enantioselective differential
chiral contrast (EDCC)

The CPLP handheld instrument for EDCC comprises of an externally triggered Kiralux®
polarisation 5.0 Megapixel CMOS USB camera (CS505MUP1, Thorlabs). It is synchronised
to a 365 nm LED (Nichia, 5.2V, 500mW) flash illuminator driven by an internal custom built

signal generator module operating at master frequencies of 0.1, 1 or 10 Hz. This device has
been constructed to be able to provide both a variable illumination (1 ms - 1 s) and image
acquisition (0.027 ms — 14 s) sequence with a constant 20 ps time delay between the two
pulses to allow discrimination of short lived organic (ns- ps) and long-lived lanthanide pseudo
phosphorescence (ms). The chiroptical separator of the apparatus comprises of the built in
pixel decoded wire grid polariser array complemented by a precisely aligned broad
wavelengths (A = 400 — 800 nm) quarter waveplate (QWP, Thorlabs AQWP05M-600), a
machine vision (Navitar f = 26mm/F1.4) objective lens (interchangeable to a LWD f-50
mm/F2.8 lens and 0.63x video relay lens (Edmund Optics) for epifluorescence microscopy)
and a selectable filter wheel containing high precision narrow band pass filters (such as
Edmund optics BP546/10, BP589/10, BP594/10, and BP610/10) to achieve chromatic
discrimination.

Camera control and image acquisition were performed with ThorLab's commercial camera
software ThorCam™ or an adapted custom LabView code to facilitate time-resolved detection
and controlled external camera triggering.® The camera was operated in quad view (Figure
S| 20) where the 16-bit overlayed total image has been split up into four individual 8-bit images
decoding each wire grid polariser state orientation (0, 90, 45 and -45 degree) captured image
as a 2 x 2 array in one captured frame. These images were generated by area defined crop

and paste individual image generation without pixel position reassignment. Such as the
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previously reported EDCC using our recently developed CPL-LSCM, this one step resolution
preserving (lossless compression) image processing is achieved using a custom written script
(macro) in ImagedJ (v1.53).2 EDCC imaging was also built into our custom written macro 2.0
or can be post processed using ImageJ's built-in image calculator add-on software by
subtracting one CPL channel from the other, and vice versa. The convention used herein is:
left-handed enantioselective contrast = left CPL — right CPL; right-handed enantioselective
contrast = right CPL — left CPL. Images were recorded with the camera’s native 2448 x 2048
pixel field of view (FOV) without image cropping with total accumulated integration time varied
from 20 ms to 1 s with 5 — 32 frame averaged sequences. The total integration time has been
determined case by case by careful monitoring of maximum 8-bit pixel values to eliminate

pixel saturation and achieve maximum overall image brightness for EDCC calculation.

The all-important 8-bit average pixel chiroptical contrast value calculations were facilitated by
selecting and averaging equal size and shape arbitrary area portions of the sample. Due to
the 2448 x 2024 pixel size of each recorded image total field of view (FOV), this arbitrary area
has been kept at a constant size of 300 x 600 pixels region of interest (ROIl). The average
maximum 8-bit greyscale pixel intensity values were determined using ImageJ Analyse-
Measure macro with mean ROl intensity value mode that employs a maximum average value
ROI histogram methodology that is based on a standard Gaussian distribution profiling of the
average intensity values. Due to the employed methodology and the averaging nature of
image acquisition and ROI calculation, the limit of detection (error associated with) 8-bit
greyscale contrast value is below 1% (< 3 average greyscale value/pixel on a 0 — 255 pixel
intensity scale). This is determined using the total europium emission image and the selected
arbitrary ROI area selection is then kept identical throughout the imaging sequence resulting

in high precision chiroptical contrast calculations.

2.4. Two photon cross section determination

The cross-section (¢?) is calculated according to established procedures:?

2
, Fs  ¢plrop
g = X
$sCs Fp

where S is sample, R is reference, ¢ is the total emission quantum yield of the EuL (¢s), C is
the concentration, n is the refractive 7 index and Fs (A) and Fx (A) are the integrated PL
spectrum for the sample and reference, respectively. Additionally, the two-photon nature of
the excitation process was proven by recording an excitation power dependence; the resulting
line has a slope of two on a logarithmic scale.* The cross sections were calculated with

reference to Rhodamine B in methanol.
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Figure S1: 1PE (black) and 2PE (red) spectra (Asm = 615 nm) of EuL in MeCN (left) and integrated emission
intensity plot against the laser excitation power (Azee = 700 nm) on a logarithmic scale (right); GM = 10-%° em* s

photon-.

Two photon spectroscopy was performed using a tuneable femtosecond pulsed laser (680 —
1300 nm, Coherent Discovery TPC, 100 fs, 80 MHz) perpendicularly mounted to an Ocean
Optics HR2000Pro (2048- pixel linear CCD Sony ILX5 chip, 200 uym slit, H3 grating, 350 — 850
nm spectral region) spectrometer.> The laser beam was focused onto the centre of the 1 cm
path sample holder (Thor labs CVH100) by a dedicated ultrafast laser lens (Edmund Optics
11711, 50 mm focal length). The spectrometer has also been equipped with a perpendicularly
mounted 365 nm LED (nichia, 1W) and been operated using a modified version of the above-
mentioned custom time resolved detection and accumulation algorithm written in Labview2013
program. In order to eliminate unwanted artefacts associated with stray light from MP
excitation the spectrometer have been equipped with a rotating filter wheel (Thor Labs, CFW6)
housing an LP420 (Comar Optics, for 365 nm UVLED excitation) and SP650 and SP700
(Edmund Optics, 8472 and 8474 for MP excitation) filters.
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3. Chiral HPLC and Racemisation Studies.

Chiral HPLC was performed using a Perkin Elmer Series 200 module consisting of a Perkin
Elmer Series 200 pump, autosampler, UV-Vis detector and either CHIRALPAK-IE or IB N-5
columns (4.6 x 250 mm, flow rate = 2 ml min' at 40 °C). The solvent system consisted of
EtOH/MeOH/TEA/TFA at 50/50/0.5/0.3 ratio; injection volume: 50 pL; sample concentration:
0.5 mg/ml in acetonitrile.
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Figure S2: chiral high performance liquid chromatography (CHPLC) chromatogram (360 nm) for the chiral
separation of the enantiomers of EuL using the CHIRALPAK IE and IB N-5 columns (stationary phase structures

shown).

Solutions of A-EuL with ~0.5 aborbance at 360 nm were prepared in MeCN, MeOH, MeOD
and 2-PrOH and then heated and stirred at 60 °C. 20 pL fractions of each solution was taken
after every 25 hours and frozen for chiral HPLC analysis. The same was repeated for another
solution of A-EuL in MeCN but without heating. The resulting solutions were analysed using
CHIRALPAK IE column using the method above. The absorbance chromatograms recorded
at 360 nm was then used to express the concentration of the enantiomers by integrating the
area under the peaks. When racemisation of the enantiopure sample with 100 % enantiomeric

excess of the A enantiomer is considered, an equilibrium is established:
K1

A

A [2]
K.q
where the rates of interconversion for each enantiomer is assumed to be equal k; = k., = k.

Therefore, the rate expression for racemisation can be written as

- d[A]
dt

= k[A] - k[A] = k([A] - [AD#[3]
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ﬁd[ﬁ] = kdt#[4]

Since [&] = [Alo- [A], integration of the rate equation gives

[ t

1

[I a1, 1= _E]. ~ k dt#[5]
0 0

m(2[A] - [Alp) - In(2[A]y - [Aly)

- = kt#[6]

o L
"(2[A]—[n]n]' 7

in(i[ﬁlu ]

which allows for determination of 2k by taking gradient of the plot of Z[A] - [Alg against t.
The half-life for racemisation (r12) is a time during which the enantiomeric excess of 50% is
reached, which can be interpreted as a mixture containing 75% of the starting enantiomer and
25% of the other enantiomer which was formed by interconversion. Substitution of 1 and 0.75
into (Ao and [A] respectively gives equation for the relationship between the experimentally

obtained 2k and 1.

2Kty p = In|——————| = [n2#[8
/2 2%x075-1 (8]
In2
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Figure $3: In([A:)/(2[A]-[Ac]) against heating time at 60 °C in MeCN (purple), MeOH (red), MeOD (black) and 2-
PrOH (blue) with obtained gradients (2k) and calculated racemisation half-life (r4,z) where [A] and [Ag] are factual
and initial concentrations of A-EulL respectively (left); three examples of 360 nm absorbance chromatograms for
A-EuL heated in MeCN at 60 °C (right).
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4. Spin coating and atomic force microscopy

Spin coating solutions contained 22 mg PMMA (average M, ~15000 by gel permeation
chromatography, density 1.18 g cm?)and ~17 pg of EuL (obtained by preparing 5 ml of 0.22
max absorbance solution and then evaporating the solvent) dissolved in 0.500 ml of DCM.
This resulted in PMMA concentration of 44 mg ml! in DCM and 650 pM EuL concentration in
PMMA.. The solutions were spin coated on 1*1.5 cm cut glass microscope slides. To prepare
films on the black electrical tape substrate, the tape was attached to the glass substrates and
cut to size. Each film was prepared by casting 15 pl of the solution on the substrate spinning
at 8000 rpm.

Atomic force microscopy was performed on an SPM SmartSPM™-1000 (AIST-NT) which
consisted of the base and scanning head, both operated by an SPM controller. The base
contained the sample metal holder that allowed for magnetic attachment of the SPM Specimen
discs (15 mm, Agar Scientific) containing a sample (polymer film spin-coated on a microscope
glass slide (manually cut to 1.5 x 1.0 cm) which was attached to the specimen discs using
carbon tabs (9mm, Agar Scientific). The metal holder was attached to a digitally controlled
(SmartSPM software) motorised positioning system allowing for translation of the sample
holder vertically (18 mm range) and horizontally (5 x 5 mm). The scanning head comprised of
a cantilever probe holder, laser and a four-sectional photodiode. The probe was a silicon tip
with the 10 nm diameter and force constant of 0.02 - 0.77 N/m designed for contact-mode
(NANOSENSORS™).
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Figure S4: The established dependence of the PMMA concentration ([PMMA]) on the resulting film thickness spin-
coated at 8000 rpm (A); the example of depth profile (B) and the corresponding AFM image (C) of an incision on a
spin-coated PMMA film using 44 mg ml”' [PMMA].
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5. Other Supplementary Figures
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Figure S5: Synthesis of the ‘bottom’ of the sensitising chromophore.

~o ~o B
i) "BuLi
N PPh;, CBr, x ii) H,0
_—
DCM, 1,20 h -78 ° -~
~o = o~ ~o0 = o~ THF, -78 °C ’
X0 L Br
Br

Figure S6: Synthesis of the ‘top’ of the sensitising chromophore.
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Figure S7: Normalised (0 to 1) CPL spectra of A-EuL in different solvents demonstrating the CPL profile

independence on solvent (left) and the corresponding gim plots for the AJ = 1 and AJ = 2 transitions.

Figure S8: photograph of the A-EuL, containing PMMA films spin-coated on black electrical tape (left) and glass
(right) under 365 nm UV irradiation.
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! White Light, LP450 (reflection image)
L+R

Figure S9: CPLP of black tape substrate (top) and black plastic cap (bottom) using BPF594/10 and BPF610/10
under 365 nm excitation with the regions of interest and their average intensities shown in yellow. The relevant
L+R images under white light using 450 nm long pass filter (LP450); Scale bar = 5 mm.

LCPL (L-R)

Figure S$10: CPLP of three sequentially spin coated PMMA films containing A-EuL using BPF594/10 where L+R
(top row) and L-R (bottom row) with the regions of interest for gcp,p calculations and their average intensities shown

in yellow. Scale bar = 5 mm. R-L and L-R images are 6 times contrast enhanced for display.
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RCPL (R-L)

Figure S11: CPLP of three sequentially spin coated PMMA films containing A-EuL using BPF610/10 where L+R
(top row) and R-L (bottom row) with the regions of interest for gcp.p calculations and their average intensities shown
in yellow. Scale bar = 5 mm. R-L and L-R images are 6 times contrast enhanced for display.

Figure S12: CPLP of six sequentially spin coated PMMA films containing A-EuL using BPF594/10 (top two rows)
and BPF610/10 (bottom two rows) where L+R (1% and 3" rowas) and L-R (2" and 4" rows) with regions of interest
for gceLe calculations and their average intensities shown in yellow. Scale bar = 5 mm. R-L and L-R images are 6

times contrast enhanced for display.

13

255



60.0 -
Jium = 10.071

40.0 4

. Gum = +0.30
20.0 -

P |
= 0.0 - o

-20.0 -
'glum='ﬂ-29
-40.0 -
' Gium = -0.071
00—
580 600 620 640 660 680 700 720
A/nm

Figure $13: CPL spectra of A-EuL (blue) and A-EuL (red) (and their colour-coded structures) in acetonitrile, A, =

360 nm, 5 averages.
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Figure S14: Exponential decay fitted to a plot of lifetime data (0.1 ms steps) for a ~200 nm thick PMMA film spin-

coated on a glass substrate containing EuL.
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6. Synthetic Procedures

diethyl 4-bromopyridine-2,6-dicarboxylate

A solid mixture of chelidamic acid (1.64 g, 8.97 mmol, 1 eq.) and phosphorus pentabromide
(11.6 g, 26.9 mmol, 3 eq.) was melted and heated (95 °C, 3 h). After that anhydrous chloroform
(30 ml) was added, and the resulting hot mixture was filtered and cooled in an ice bath. Cold
ethanol was then added drop-wise (20 ml), and the resulting solution was stirred (rt, 15 min).
After that, the solvent was evaporated under the reduced pressure to yield brown oil. It was
then dissolved in ice-cold water and stirred (0 °C, 1 h) to allow for precipitation of the crude.
The resulting brown solid was dried and recrystallised from hexane to yield light-brown solid
(1.23 g, 4.07 mmol, 45%);

"H NMR (400 MHz, CDCl;) 6 8.42 (2 H, s, H?), 4.50 (4 H, q, 3Ju. 7.1, H%), 1.46 (6 H, t, 3Jn
7.4, He);

HRMS (ESI*) m/z 302.0023 (C14H:3NO4Br requires 302.0028).
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Figure $15: 'H NMR (400 MHz, CDCls) spectrum of diethyl 4-bromopyridine-2,6-dicarboxylate.
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Figure $16: HRMS data for diethyl 4-bromopyridine-2,6-dicarboxylate.
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ethyl 4-bromo-6-(hydroxymethyl)picolinate

OH o}
Diethyl 4-bromopyridine-2,6-dicarboxylate (1.23 g, 4.07 mmol, 1 eq.) was dissolved in a
solution of dichloromethane (7 ml) and ethanol (9 ml) and cooled in an ice bath. After that,
solid sodium borohydride (0.23 g, 6.11 mmol, 1.5 eq.) was slowly added and the resulting
solution was stirred (0 °C, 4 h), while monitoring the reaction using TLC (silica, 3% methanol
in dichloromethane). After that, a solution of 1 M hydrochloric acid (6 ml) was added, followed
by water (25 ml) and dichloromethane (20 ml). The resulting aqueous layer was separated
and washed with dichloromethane (10 ml =< 3). After that, the combined organic layers were
washed with water (10 ml x 3), dried over magnesium sulphate, filtered and concentrated
under reduced pressure. The crude solution was then purified by column chromatography
(silica, dichloromethane to 2.5% methanol in dichloromethane) to yield white solid (0.675 g,
2.60 mmol, 64%);
"H NMR (400 MHz, CDCl3) 6 8.17 (1 H, d, 4J;.4y 1.83, H*), 7.73 (1 H, d, 4J;,.4 1.83, H?), 4.84 (2
H, s, HE), 4.46 (2 H, q, *Ju.4 6.9, HE), 1.43 (6 H, t, 3Jy 7.1, H®);
LCMS (ESI*) m/z 261 [M+H]".
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Figure S17: 'TH NMR (400 MHz, CDCl;) spectrum of ethyl 4-bromo-6-(hydroxymethyl)picolinate.
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Figure §18: ES+ MS data for ethyl 4-bromo-6-(hydroxymethyl)picolinate.
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2-(2,2-dibromovinyl)-1,3,5-trimethoxybenzene

A solution of CBr4 (1.69 g, 5.10 mmol) in anhydrous dichloromethane (3 cm?®) was dropwise
added to a cooled (ice bath) solution of 2,4,6-trimethoxybenzaldehyde 7 (0.5 g, 2.5 mmol) and
PPh; (5.36 g, 20.5 mmol) in anhydrous dichloromethane (3 ¢cm?), and the resulting solution
was stirred (rt, 20 h, argon). After that, the solution was washed with deionised water (10 cm?
x 5) followed by extraction of combined aqueous layers with dichloromethane (10 cm?3 x 3).
The combined organic layers were dried over Na:SOy, filtered and concentrated. The crude
product was purified by column chromatography (silica, 30 to 50 % dichloromethane in
hexane) to yield white solid (321 mg, 0.912 mmol, 36%),

'H NMR (400 MHz, CDCl3) 57.19 (1 H, s, H'"), 6.11 (2 H, s, H'¥), 3.83 (3 H, s, H'"), 3.81 (6
H, s, H™);

LCMS (ESI*) m/z 351 [M+H]*.
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Figure 519: 'H NMR (400 MHz, CDCIs) spectrum of 2-(2,2-dibromovinyl)-1,3,5-trimethoxybenzene.
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Figure 520: ES+ MS data for 2-(2,2-dibromovinyl)-1,3,5-trimethoxybenzene.
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2-ethynyl-1,3,5-trimethoxybenzene

2-(2,2-dibromovinyl)-1,3,5-trimethoxybenzene 8 (321 mg, 0.912 mmol) was dissolved in
anhydrous tetrahydrofuran and cooled to -78 °C (acetone, dry ice). 1.6 M solution of n-
butyllithium in hexane (1.5 cm?, 2.4 mmol) was then added dropwise, and the resulting orange
solution was stirred (20 min). Deionised water (4 cm?) was then added dropwise, and the
resulting green solution was stirred (rt, 30 min). After that, the organic solvents were removed
under reduced pressure, and the resulting agueous solution was extracted with ethyl acetate
(20 ecm? x 3). The combined organic layers were washed with brine, dried over Na,SO,, filtered
and dried in vacuo to yield green solid that was used without further purification (0.171 g, 0.890
mmol, 98 %);

H NMR (400 MHz, CDCl;) 66.10 (2 H, s, H™), 3.88 (6 H, s, H'®), 3.83 (3 H, s, H'7), 3.50 (1
H, s, H1Y).

LCMS (ESI*) m/z 192 [M+H]"*.
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Figure 522: ES+ MS data for 2-ethynyl-1,3,5-trimethoxybenzene.
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ethyl 6-(hydroxymethyl)-4-((2,4,6-trimethoxyphenyl)ethynyl)picolinate

OH e}

2-ethynyl-1,3,5-trimethoxybenzene (300 mg, 1.56 mmol, 1 eq.), diethyl 4-bromopyridine-2,6-
dicarboxylate (446 mg, 1.72 mmol, 1.1 eq.) and [Pd(allyl)Cl]; (60 mg, 0.164 mmol, ~10 mol%)
were dissolved in anhydrous acetonitrile (2 ml) and degassed. After that, triethylamine (2.16
ml, 15.6 mmol, 10 eq.) and piperidine (0.6 ml, 6.24 mmol, 4 eq.) were added, and the resulting
solution was stirred (40°C, 12 h, argon). Organic solvents were then removed under reduced
pressure, and the residue was dissolved in dichloromethane (10 ml). The resulting solution
was washed with deionised water (5 ml x 3), and the combined aqueous phases were
extracted with dichloromethane (5 ml x 3). The combined organic layers were dried over
magnesium sulphate, filtered and isolated from the solvent under reduced pressure. The
resulting yellow oil was purified by column chromatography (silica, 4% methanol in
dichloromethane) to yield yellow solid (204 mg, 0.550 mmol, 35%).

'H NMR (700 MHz, CDClI3) 6 8.10 (1 H, d, *Juy 1.4, H*), 7.58 (1 H, d, *Jy4 1.4, H?), 6.11 (2 H,
s, H™#), 4.82 (2 H, s, Hf), 4.47-4.43 (2H, m, H?), 3.90 (6 H, s, H™), 3.85 (3 H, s, H'"), 1.42 ( 3
H, t, 3y 7.1, H9);

3C NMR (700 MHz, CDCI;) 6 164.86 (C7), 162.87 (C'), 162.82 (C'?), 159.92 (C"), 147.14
(C9), 134.48 (C3), 125.61(C*), 125.14 (C2), 93.35 (C™), 93.07 (C"), 90.44 (C™), 89.26 (C12),
64.38 (C°®), 61.94 (C8), 56.07 (C'8), 55.48 (C'7), 14.27 (C®);

HRMS (ESI*) m/z 372.1443 (C20H22NOs requires 372.1447).
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Figure $24: *C NMR (151 MHz, CDClI) spectrum of ethyl 6-(hydroxymethyl)-4-((2,4,6-
trimethoxyphenyl)ethynyl)picolinate.
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Single Mass Analysis
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Figure S25: HRMS data for ethyl 6-(hydroxymethyl)-4-((2,4,6-trimethoxyphenyl)ethynyl)picolinate.
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ethyl 6-(((methylsulfonyl)oxy)methyl)-4-((2,4,6-trimethoxyphenyl)ethynyl)picolinate

0O~ O 0]
\S/
gl
o

Ethyl 6-(hydroxymethyl)-4-((2,4,6-trimethoxyphenyl)ethynyl)picolinate (119 mg, 0.320 mmol,
1eq.) was dissolved in anhydrous tetrahydrofuran (3.5 ml). N,N-Diisopropylethylamine (0.17
ml, 0.960, 3 eq.) and methanesulfonic anhydride (0.223 g, 1.280 mmol, 4 eq.) were added,
and the resulting solution was stirred (rt, 4h, argon) and monitored by TLC (silica, 5% methanol
in dichloromethane). Organic solvents were then evaporated under reduced pressure, and the
residue dissolved in dichloromethane (10 ml). The resulting solution was washed with
deionised water (10 ml x 3), and the combined aqueous phases were extracted with
dichloromethane (5 ml x 3). The combined organic layers were dried over magnesium
sulphate, filtered and isolated from the solvent under reduced pressure to yield pale yellow
solid that was used in the next step without further purification.

'H NMR (400 MHz, CDCl;) 'H NMR (400 MHz, CDCl;) 5 8.17 (1 H, s, H*), 7.72 (1 H, s, H?),
6.12(2H,s, H"),5.44 (2 H, s, H®), 4.58-4.47 (2H, m, H®), 3.91 (6 H, s, H'®), 3.86 (3 H, s, H'"),
144 (3 H,t 3J447.5, H).
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Figure $26: 'H NMR (400 MHz, CDCl3) spectrum of ethyl 6-(((methylsulfonyl)oxy)methyl)-4-((2,4,6-

trimethoxyphenyl)ethynyl)picolinate.
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Figure $27: HRMS data for ethyl 6-(((methylsulfonyl)oxy)methyl)-4-((2,4.6-trimethoxyphenyl)ethynyl)picolinate.
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triethyl 6,6',6"-((1,4,7-triazonane-1,4,7-triyl)tris(methylene))tris(4-((2,4,6-
trimethoxyphenyl)ethynyl)picolinate)

EtO._ O
= "N
~o \I
Z
e} (o}

Ethyl 6-(((methylsulfonyljoxy)methyl)-4-((2,4,6-trimethoxyphenyl)ethynyl)picolinate (0.744 g,
0.320 mmol, 3.5 eq.), TACN+3HCI (22 mg, 0.0914 mmol, 1 eq.) and potassium carbonate (88
mg, 0.6398 mmol, 7 eq.) were dissolved in anhydrous acetonitrile (5 ml) and stirred (60°C, 12
h, argon). The crude was isolated from the solvent under reduced pressure and dissolved in
dichloromethane. It was then washed with deionised water (5 ml x 3), and the combined
agueous phases were extracted with dichloromethane (5 ml x 3). The combined organic layers
were dried over magnesium sulphate, filtered and isolated from the solvent under reduced
pressure to yield pale yield yellow solid (0.0974 mmol) that was used in the next step without

further purification.

HRMS (ESI*) m/z 1189.5195 [M+H]* (CssH72NeO1s requires 1189.5134).
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Figure $28: HRMS data for triethyl 6,6',6"-((1.4,7-triazonane-1,4,7-triyl)tris(methylene))tris(4-((2,4,6-
trimethoxyphenyl)ethynyl)picolinate).
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EuL

Triethyl 6,6',6"-((1,4,7-triazonane-1,4,7-triyl)tris(methylene))tris(4-((2,4,6-trimethoxy
phenyl)ethynyl)picolinate) (0.0914 mmol) was dissolved in methanol (5 ml) and deionised
water until white precipitate remained undissolved. pH of the resulting solution was adjusted
to 12.5 using solution of sodium hydroxide in methanol. The solution was stirred (rt, 72 h),
while its pH was monitored and periodically adjusted to 12.5 until hydrolysis completion was
confirmed by LCMS. After that, the solution pH was readjusted to 6.5 using 1 M solution of
hydrochloric acid. EuCl;*6H.0 was then added (37 mg, 0.101 mmol, 1.1 eq.) and the resulting
solution was stirred (rt, 18 h). Solvent was then removed under reduced pressure to yield pale
yellow solid which was redissolved in dichloromethane (10 ml). The resulting solution was
washed with deionised water (5 ml x 3), and the combined aqueous phases were extracted
with dichloromethane (5 ml x 3). The combined organic layers were dried over magnesium
sulphate, filtered and isolated from the solvent under reduced pressure to yield pale yield
yellow solid that was purified using was purified using reverse-phase HPLC (10 to 100%
acetonitrile in water, retention time = 11.4 mins) to yield yellow solid (67 mg, 58% over 3 steps);
HRMS (ESI+) m/z 1253.3190 [M+H]* (CgoHs7EUN:O15 requires 1253.3159).
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Figure $29: HRMS data for EuL.
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Figure $30: Total absorbance chromatogram (top) and the ES+ MS spectrum at 2.445 min (bottom) for the sample

of EuL.
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Circularly polarised luminescence (CPL) spectroscopy is a technique with applications in materials
chemistry, bioimaging, probing fundamental chirality, but conventional photo-elastic modulator CPL
instruments remain bulky, expensive and slow. We report a compact single-channel CPL (SC-CPL)
spectrometer that alternates left-and righthanded emission through a piezo-actuated pair of orthogonally
aligned achromatic quarter-wave plates using a rapid CCD detector. This design minimises moving optics
and eliminates the need for detector matching and pre-calibration. It can operate in various acquisition
modes such as time gated acquisition mode for long-lived CPL emission and a quasi-continuous mode
for short-lived CPL emission. Validation against a benchmark PEM-CPL system using a range of CPL
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Abstract

Circularly polarised luminescence (CPL) spectroscopy is a technique with applications
in materials chemistry, bioimaging, probing fundamental chirality, but conventional
photo-elastic modulator CPL instruments remain bulky, expensive and slow. We report a
compact single-channel CPL (SC-CPL) spectrometer that alternates left- and right-
handed emission through a piezo-actuated pair of orthogonally aligned achromatic
quarter-wave plates using a rapid CCD detector. This design minimises moving optics
and eliminates the need for detector matching and pre-calibration. It can operate in
various acquisition modes such as time gated acquisition mode for long-lived CPL
emission and a quasi-continuous mode for short-lived CPL emission. Validation against
a benchmark PEM-CPL system using a range of CPL emitters reproduced fine CPL
resolution with high sensitivity, orders of magnitude faster. This blueprint SC-CPL
reported herein paves the way towards the world's first complete compact chiroptical
toolbox. This could lead to significant advancements with pivotal scientific and societal
impact.

Introduction

Circularly polarised luminescence (CPL) is the emission analogue of circular dichroism
(CD), describing the differential emission of left- and right-handed circularly polarised
light from chiral luminescent systems. Light which is left- and right- circularly polarised
has a spin angular momentum of +f and -h respectively.™* Unlike CD, which probes
differences in absorption of circularly polarised light, CPL offers a direct insight into the
excited-state electronic structure and stereochemistry of emissive chiral molecules.”
The intrinsic ability of a compound or system to emit left- or right-handed CPL is
quantified by the luminescence dissymmetry factor (gum):
Neft—cpL=Tright— .

Gum = Z—E—IIIe:_E:Hﬁ;:t_':l Equation 1
Where l.« is the intensity of left-handed circularly polarised light and /.. is the intensity
of right-handed circularly polarised light; gu.. ranges from -2 to +2, corresponding to
purely right- or left-handed circularly polarised emission, respectively. The intensity of
circularly polarised luminescence can be quantified by circularly polarised brightness
(CPB, M cm):
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CPB = sgbg'% Equation 2

Where ¢ is the molar absorption coefficient and ¢ is the luminescence quantum yield.
This parameter combines the dissymmetry factor and brightness (the product of £ and ¢)
of a compound and high values indicate the compound is capable of emitting large
guantities of one handed circularly polarised photons.® Although relatively high CPBs
have been reported for some organic materials - such as cyclophanes, BODIPYs,
helicenes, pyrenes and some transition metal complexes - the highest CPB compounds
are typically observed in lanthanide(lll) coordination complexes, particularly those of
europium(lll) with their CPBs being an order of magnitude higher than the next brightest
class of compounds. % This is due to their favourable photophysical characteristics:
magnetic dipole-allowed transitions, long-lived excited states, and narrow emission
bands that arise from minimal perturbation of the emitting states by the surrounding
environment.?*?” These features make lanthanide complexes uniquely suited for
applications where high CPL contrast and long-lasting emission are desirable. The
emergence of circularly polarised emission as a means of encoding chiral molecular
fingerprints adds a new dimension to both molecular diagnostics and device
engineering. CPL-active materials have demonstrated utility across a growing number of
fields, including live-cell chiral imaging,?** enantioselective sensing,® circularly
polarised organic light-emitting devices (CP-OLEDs), **-* and bright, high CPB security
inks.*

Despite its powerful capabilities, the adoption of CPL spectroscopy has been hindered
by instrumental limitations. Conventional CPL spectrometers, often based on a 60 year
old design comprising PEM (photoelastic modulator), lock-in-amplifier (LIA) and
scanning monochromator (SM) architectures are bulky, expensive, and slow, typically
requiring tens of minutes to acquire a single spectrum for lanthanide(lll) coordination
complexes (100 nm spectral window, 0.5 nm/sec step size) and even longer, hours, for
purely organic CPL emitters which have inherently lower gy, (<10%).* This renders them
ill-suited for dynamic measurements or high-throughput screening of compounds and
applications. Furthermore, the reliance on high-energy excitation sources exacerbates
issues such as photobleaching and phototoxicity in biological samples.

Recent advances in instrumentation, particularly the development of all-solid-state (SS)
CPL spectrometers and dual-channel optical layouts, have addressed many of these
limitations.*-* These new-generation systems offer rapid total spectral acquisition (on
the order of milliseconds/spectrum), compact design, and compatibility with
multiphoton and time-gated detection methods.** As a result, CPL spectroscopy has
transitioned from a niche technique into a powerful tool that can be deployed in portable,
real-time imaging platforms - ranging from handheld CPL photocameras® to live cell
laser scanning confocal microscopes® — greatly expanding its accessibility and utility
across disciplines. These developments are now driving a renaissance in CPL research
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and application, unlocking new possibilities in life sciences, advanced materials, and
beyond.

Novel SS-CPL spectrometers have used one of two approaches to overcome the
limitations of conventional PEM-based CPL spectrometers. Both approaches involve
spatially separating left- and right-handed circularly polarised light using a combination
of achromatic, broad spectral range, quarter waveplates (Fresnel rhombs or a pair of
precisely aligned half-waveplates) and a linear polariser. The difference comes in how
these are measured. In the first approach the two channels are measured individually by
two separate but matched detectors (two 1D (linear) CCDs);* in the second approach
the two channels are both fed into the same detector (2D (full frame) CCD) which can
differentiate between both feeds.”” Both methods have their advantages and
disadvantages: in the first approach the setup is simpler but requires careful matching
and calibration of the detectors to ensure both handedness’s are measured equally; in
the second approach only one detector is used so no matching is required but the
instrument needs to be carefully aligned so the 2D CCD can detect each handedness
equally. The other experimental hurdle with this 2D CCD approach is the need of
expensive multi core optical fibres that often surpass the offered simplicity and the cost
of a dual 1D CCD setup. In this work a combined approach is explored, using only one 1D
CCD to detect both left- and right-handed CPL by sequentially discriminating between
them. This method eliminates the need for detector matching, in-depth spectral post
corrections and simplifies optical alignment, offering a compact, versatile solution for
both accurate and precise CPL measurements, which could be adopted and adapted
into existing spectrometers.

Results

The Single Channel CPL Spectrometer (SC-CPL) was designed around a one detection
channel principle, where polarisation states are modulated via a simple and elegant,
method of alternating QWPs (Figure 1). The wavelength of the excitation light/LED?*2454250
is fully customisable. A custom-built array of depolarised pulsed LEDs with various
common wavelengths (365 - 760 nm, Supplementary Note 3) was used as the excitation
source due to its stability, ease of time modulation and ability to excite a broad range of
compounds. The LED excitation light was diffused and focused onto the sample and the
collection arm was fixed at a 90° angle to the excitation resulting in a 3 mm beam waist
atthe centre of a 1 cm pathlength cuvette. The switchable polarisation of the arm comes
from a piezoelectric controlled linear stage that consists of two orthogonally aligned
achromatic broad spectrum quarter wave plates (QWPs). After the piezoelectric stage a
linear polariser (LP) with its axis aligned perfectly to a 1D CCD was introduced. Aligning
the LP with respect to the CCD results in complete elimination of any inherent
birefringence of the applied CCD chip. Subsequently, the QWP fast axis were aligned at
+45° and -45° with respect to the axis of the LP. Conversely, alternating orthogonally
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aligned LPs with respect to a stationary QWP would introduce significant error in
measuring L- and R-CPL precisely due to incident angle dependent detector
birefringence. It is crucial to emphasize that rotation of one QWP instead of the
alternation of the pair of two orthogonally aligned QWPs, even the best rotation mounts
on the market are only precise to 0.5 degree of rotation*? that would introduce levels of
noise close to S/N=1 with organic, weak CPL emitting (gum,10“) molecules. Instead, the
stage can rapidly (~200 ms, 5 Hz) switch between both QWP orientations that,
importantly, is faster than a full rotation cycle of a rotational mount (~2 sec/full rotation).
One of the two QWPs converts CPL into linearly polarised light that is aligned with the
axis of the linear polariser when the incident light is left-CPL, and orthogonal to it for right-
CPL which allows for only left-CPL to be collected. When the stage switches the other
orthogonally aligned QWP allows for only right-CPL to be collected since it is aligned to
the linear polariser while left-CPL is excluded.

The well know advantage of using a linear CCD for spectroscopy is that it captures the
whole spectral range of interest with often as high as 0.05 nm spectral resolution (2000-
pixel CCD with 100 nm spectral window) in a single cycle eliminating the need for
scanning monochromators and the classical PEM-LIA-SM combination. This contributes
to a significantly faster acquisition time (400 ms vs 10 minutes per spectrum) and a
significantly more compact instrument design. The only moving part is the piezoelectric
stage which has two set points that will not drift out of alignment over time, avoiding the
problem associated with rotating components. This reduces the need for recalibration
every time the instrument is used, or for an internal reference being required to
compensate for any drift in axis alignment.
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s Long Pass
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Figure 1: Schematic of the SC-CPL spectrometer. A custom-built LED carousel is used to excite the
sample (with various wavelengths available with corresponding short pass (SP) filters) which emits left- and
right-handed circularly polarised light. The light passes through a quarter wave plate (QWP) housed on a
piezoelectric controlled stage. This stage alternates between two orthogonally aligned QWPs between
each spectral acquisition converting left- and right-handed circularly polarised light to linearly polarised
light of mutually orthogonal orientation. The linearly polarised light passes through a static linear polarised
(LP), through a long pass filter and to a CCD detector to acquire the full spectrum in one measurement
cycle. The sample holder is equipped with attachment points for variable temperature or magnetic field
regulation during measurements.

In order to confirm the two QWPs were orthogonally aligned to one another the achiral
fluorophore Rhodamine 6G was used. In solution Rhodamine 6G exhibits no discernible
circularly polarised luminescence or fluorescence anisotropy, emitting equally across all
polarisation angles and modes. This leads to a net zero CPL spectrum and a g... value of
0. The use of Rhodamine 6G served as areliable control to confirm that any detected CPL
was not an artifact of misalignment or instrumental asymmetry. In this case, the
spectrometer was operated with constant illumination from the LED to ensure maximum
emission detection from the short-lived (ns) excited state. The output from the SC-CPL
spectrometer are two spectra, one corresponding to left-CPL and the other to right-CPL.
The spectra were corrected for background and spectrometer sensitivity (red-correction
using an Ocean Optics HL-2000 standard lamp calibration protocol).*? Once corrected,
these spectra can be combined to give the total emission and the CPL spectrum (Figure
2).The CCD (Ocean Optics MayaPro, 2000 pixel, H3 grating, 200 pm slit, 74-DA collimator
lens), by default design, recorded the spectral range of 400-800 nm but only the relevant
areais shown in the spectra. Each spectrum consists of 100 averages with an integration
time of 6 ms per spectrum for each. The recorded CPL spectrum (Figure 2D) showed a
flat baseline with no measurable deviation as anticipated for a perfectly achiral system.
This result indicates that the optical alignment, including the QWPs, is properly
configured, and that the system does not introduce polarisation bias. Furthermore, the
effectively zero-value gum measurement confirms that the spectrometer is capable of
resolving small CPL signals and accurately reports the absence thereof when expected.
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Figure 2: CW-SC-CPL spectra of achiral fluorophore Rhodamine 6G to demonstrate null-
measurement. (A): I,; (B): Ig; (C): 1, + Ig; (D): I, - Iz spectrum of Rhodamine 6G. A and B consist of 100 average
scans (tyq. = 2.5 seconds, A, = 365 nm, 400-800nm fixed spectral range, EtOH, [C] = 0.8 uM) each with an
integration time of 6 ms/spectrum. Inset: structure of Rhodamine 6G. (For spectral resolution and S/N
comparison of 100 vs. 10000 scans averaged for Rhodamine 6G please refer to Sl Figure 11.)

To test the capability of the instrument for measuring CPL spectra the delta (A)
enantiomer of complex EuL' was selected (see structure in Figure 3B) which has been
used to previously validate our fast dual channel rapid CPL spectrometer in 2020
(structure shown in Figure 3).%24 EuL' exhibits a strong CPL signal and sharp fingerprint
CPL motifs which allow for rigorous validation of the capabilities of the spectrometer
(resolution, time-domain, and sensitivity). The compound was tested under the exact
same experimental parameters as were used for collecting the spectra for Rhodamine
6G with correction for background and spectrometer sensitivity and then combined to

give total and CPL spectra (Figure 3D).
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Figure 3: TG-SC-CPL spectra of Eul'. (A): I; (B): Is; (C): Iy + la; (D): I, - Iz spectrum of A-Eul'. {A) and (B)
consist of 100 average scans each with an integration time of 6 ms/spectrum (tacq. = 50 seconds, Aex= 365
nm, 400-800nm fixed spectral range, MeCN, [C] = 1.5 uM)). Inset: Structure of Eul’.

To further enhance the capabilities of the design, the SC-CPL spectrometer can employ
three different timing sequence coordinated with the QWP orientation which allows for
measurement of the CPL of various emitters (Sl Figure 5). A time gated (TG) acquisition
mode can be used for compounds with a long lifetime (on the order of microseconds and
above such as Ln(lll) complexes), a quasi-continuous wave (CW) acquisition mode can
be used for shorter lived emitters (e.g. organic compounds) and continuous acquisition
can be used for shorter lived emitters that are photostable (S| Materials and Methods
section and Supplementary Note 1).%

To validate the accuracy of the SC-CPL spectrometer, the recorded data were directly
compared, as previously,* with those from a standard PEM-CPL spectrometer (Figure 5).
This facilitated two key comparisons where the sensitivity of the instrument was tested
in both resolving fine detail in CPL spectra and small g, values. A-Eul’ was used to
compare resolution of fine detail, while a previously reported chirally locked bis-perylene
diimide macrocycle (PP-PDI') was used to compare small g, values (Figure 4).%

283



The top spectra in Figure 4 C and D shows the total emission spectrum (I_ + Iz) from the
SC-CPL (red line) overlaid with that from the PEM-CPL spectrometer (blue line). The two
produced an excellent overlap where shapes (fingerprint), positions and relative
intensities of the Eu(lll) emission bands were the same, confirming that the SC-CPL
spectrometer correctly captures identical emission spectra of EuL'.

The middle spectra of Figure 4E and 4F compare the CPL difference spectra (/L - Ir)
obtained by the two methods. Again, there is an excellent agreement, the SC-CPL
spectrometer data (red line) coincides with that of the PEM-CPL spectrometer (blue line)
within the noise level across the spectrum with perfect CPL recovery. Both spectrometers
identify the same sign and relative intensity of CPL across the whole emission profile of
Eu(lll). This includes inversion points of the CPL spectrum matching to within 0.5 nm
(spectral resolution of PEM-CPL spectrometer) of one another between both
spectrometers. It should be noted that small differences in spectral form can attributed
to differences in the spectral resolution of each spectrometer and are not due to
polarisation sensitive optics. Namely, the SC-CPL has a spectral resolution of 0.2 nm
whilst the PEM-CM CPL has a set emission resolution of 1.5 nm when measuring Eul’
and 7 nm when measuring PDI". This is especially evident in the A/ = 2 transition of EuL’
where finer resolution results in a small change in the recorded spectral form (narrower
and more intense bands). The difference in shape and spectral broadening of the
recorded emission between PEM-CPL and SC-CPL also bears a contribution from the
difference in excitation light bandwidth (excitation slit).

The full width half maxima (FWHM) of the LEDs used with SC-CPL are 10 nm, whilst the
adjustable excitation slit using the PEM-CPL are set to result in 1 nm when measuring
EuL' and 9 nm when measuring PDI'. It is important to note that matching the PEM-CPLs
the resolution of 0.2 nm emission and 10 nm excitation of the SC-CPL is not possible due
to the applied monochromators limitations (Acton SP2155, adjustable range 1 -9 nm).
However, due to the modular design of the SC-CPL excitation FWHM can be controlled
and tuned by the employment of laser lines (~1 nm), pulsed white light sources (LDLS)
paired to appropriate narrow bandpass (BP) filters (S| Supplementary Note 3). Emission
spectral resolution can be modulated by tuning the width of the spectral range of interest
of the CCD via gratings, emission slits or/fand by the number of pixels of the linear CCD.

As demonstrated in Figure 4 G and H the derived g, spectra from each spectrometer are
in excellent agreement. For A-Eul’ (both total emission and CPL spectra of A and A
enantiomers shown in Sl Figure 8) , the SC-CPL spectrometer yields a peak gu~ of 0.18
vs. 0.17 at 600 nm from the PEM-CPL spectrometer (corresponding to the 5D, > ’F; Eu (IIl)
transition) and 0.22 vs. 0.21 at 655 nm from PEM-CPL spectrometer (corresponding to
the °Do > Fs Eu (lll) transition), within a *0.01 of each other. Given experimental
conditions can vary, these differences are not significant, indicating that no systematic
bias is introduced by the SC-CPL spectrometers detection scheme. Comparing the

284



measured gum averaged across the two transitions also shows negligible variation. For the
5Dy » ’F, transition (575 - 600 nm) the difference is 1.03% and for the *D, 2 ’F; transition
(640 - 660 nm) the difference is 0.77%. This level of agreement is excellent, on the same
order as the signal to noise ratio of both spectrometers, showing that the new instrument
can quantitatively reproduce CPL metrics from a trusted reference instrument, despite
their above detailed different spectral resolution. The greater difference between the
spectra that is evident towards the red end of the wavelength range can be explained by
a reduced sensitivity of the PEM-CPL (that is present even after red correction avoiding
electronically over boosting S/N) in the lower energy region of the spectrum. For PP-PDI,
the recorded gum values are in excellent agreement where the PEM-CPL produced a gum
of 1.3*102 at the peak wavelength of 665 nm and the SC-CPL measuring 1.2*1072 at the
same peak wavelength.
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Figure 4: Comparison of SC-CPL and PEM-CPL spectra of A-Eul’ and PP-PD/". Structures of both (A): 4-
EuL' and (B): PP-PDI'; (C + D): I, + Ig; (E + F): I, - Ig; (G + H): gy of AJ = 1 and Al = 2 transitions of A-EulL' and
full spectrum PP-PDI" respectively. Blue traces are for the spectra recorded on a PEM-CPL and red traces
are for the SC-CPL. As,= 365 nm and 525 nm for [A-Eul'] = 1.5 uM and [PP-PDI'] = 1.5 uM respectively. The
mode of SC-CPL acquisition of spectra is TG for of A-EuL" and CW for PP-PDI'(100 avg. spectra, total taq. =
50 and 2.5 seconds respectively, PEM-CPL: 20 avg. spectra. total t..,. = 4 h). (For spectral resolution and
S/N comparison of 100 vs. 10000 scans averaged for PP-PDI please refer to SI Figure 13.)
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Finally, to validate the limitations of the sensitivity of the SC-CPL using the organic
emitter (R)-BOD-3 (Figure 5) we have demonstrated that the SC-CPL instrument is
capable to record very small gum (1.1*10) values for organic compounds in very short
experiments with total CPL and gum recovery. *® This measurement was recorded in CW
mode 60 times faster by recording 500 times more spectra, whilst demonstrating no
unwanted photobleaching or sample degradation as compared to the gold standard
PEM-CPL. To conclude our observations using (R)-BOD-3 we believe that the SC-CPL
instrument in its current form is capable of recording CPL spectra from robust organic
emitters possessing gum values as low as 5*10%and still outperform PEM-CPL in terms of
spectral range and tunability, speed and number of acquisitions.
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Figure 5: Validation of the sensitivity and limitations of SC-CPL (red line) against the benchmark PEM-
CPL using low g, BOD-3. (A): Structure of (R)-BOD-3; (B): I, + Ip; (C): I, - In; {D): gium- Blue traces are for the
spectra recorded on a PEM-CPL and red traces are for the SC-CPL. The mode of SC-CPL acquisition of
spectra is CW (Ax, = 470 nm, 10000 avg. spectra, total t,.,.= 250 seconds, PEM-CPL: 20 avg. spectra. total
tacq. =4 h). The SC-CPL has a spectral resolution of 0.2 nm whilst the PEM-CM CPL has a set excitation and
emission resolution of 9 nm respectively. [R-BOD-3] = 1.5 uM

From our library of CPL active compounds, the one possessing the smallest gum (2510,
BOD-2,” was also measured with complete CPL spectral fingerprint and intensity
recovery when compared with PEM-CPL at fraction of the time, crucially with no observed
photobleaching (S| Figure 10).
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Discussion

This work demonstrates a new approach to designing faster, more compact and more
versatile CPL spectrometers that takes the advantages of both methods used to date with
none of their associated drawbacks. It must also be emphasised that the SC-CPL
spectrometer data were obtained in a fraction of the time a full scanned spectrum would
normally take — effectively the entire 570-720 nm range (for Eu (lll) emission) is acquired
in one shot per polarisation, rather than stepwise. Moreover, the agreement holds across
the spectral range, demonstrating that the linear optical elements (QWP, linear polariser)
in the SC-CPL spectrometer measures the relative intensities of L-CPL vs R-CPL with
perfect spectral recovery. Anyresidual linear polarization artifacts (e.g. circular and linear
dichroism in optical components) appear to cancel out upon alternating and averaging,
as the difference spectrum baseline was essentially flat. This set up eliminates the
artefacts that would be introduced by rotating a single QWP with respect to the optical
axis of the LP whilst also counteracts the inherent birefringence of the applied CCD
detector by alternating orthogonally aligned QWPs instead of LPs. We validated this and
the elimination of any potential linear anisotropy/dichroism induced stray polarised light
reaching the CCD detector by performing a series of variable viscosity CPL measurement
of our standard non-CPL emitter Rhodamine 6G (Sl Figure 12). The instrument is further
enhanced by a method of removing short lived emission of organic emitters from longer
lived emission in one acquisition mode. In addition, a quasi-continuous mode allows
recording of CPL spectra from shorter lived organic emitters. We have demonstrated that
the instrument is capable of resolving fine detail in Eu(lll) complexes while stillbeing able
to record very small gun (*5*10%) values for organic compounds in very short
experiments. Accurate detection of such low gum value renders the SC-CPL instrument
detailed here being able to detect CPB values of compounds possessing high quantum
yields (¢) and molar extinction coefficient (€) as low as >2 M cm™ subject to sufficient
number of averaging and S/N ratio achieved. As a future direction of SC-CPL, a simple
adaptation where the excitation light is modulated by a fast-alternating QWP-LP
architecture to facilitate pure CP excitation control phase matched to the detection
QWP-LP architecture orientations could open new horizons in CPL spectroscopy (S|
Figure 9). This will pave the way towards the world's first complete compact chiroptical
toolbox (C2PL), atandem SC-CD/CPL CCD spectrometer that could play a pivotal role in
gaining deeper understanding of CPL light generation, modulation and amplification of
both CPL active and 'silent’ (achiral or racemic mix) molecules. Furthermore, itcould help
us draw mathematical correlations between observed gass (CD) and gum (CPL) values. The
main design criteria of our blueprint SC-CPL were versatility, adaptability, simplicity and
economy. With more sophisticated detectors and light sources all performance aspects,
such as speed of acquisition, spectral and time resolution and sensitivity can be
enhanced but it would also come at the price of complexity, cost and restrictions to niche
specialist segments of CPL spectroscopy. To conclude, we foresee that the widespread
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adaptation of the blueprint SC-CPL spectrometer will establish and democratize CPL
spectroscopy as a widely available and routine analytical technique that can lead to
significant advancements in the wider scientific community such as the fields of security
inks, chiral screening, enantiopurity testing, CP-OLED development and chiral imaging.

Methods

The optical layout of the spectrometeris shown in Figure 1 (image of the spectrometeris
shown in Sl Figure 1). The compound is excited by an LED capable of being pulsed which
is depolarised by a ground glass diffuser. The LEDs are mounted onto a custom-built low-
profile compact carousel (see Sl Figure 1 and Sl Figure 7) allowing for multiple excitation
wavelengths to be used (365, 470, 525, 660 and 760 nm), the excitation light passes
through a clean-up short pass filter carousel (ThorLabs, FW102C) appropriately paired to
the pre-selected LED excitation source (OD4.0 400, 500, 550 and 700 and 780 nm
respectively). The emitted lightis collected at 90 degrees to the incident light. Two quarter
wave plates (Thorlabs, AQWP05M-600) with their fast axes orthogonally aligned were
mounted to a piezoelectric switchable stage (Thorlabs, ELL6K). The emission passes
through either of these quarter wave plates and then through a static linear polariser
(Edmund Optics, 47216). The emission light passes through a long pass filter carousel
(ThorLabs, FW102C) appropriately paired to the pre-selected LED excitation source
(OD4.0 400, 475, 525 and 675 and 775 nm respectively). The CCD used for spectral
collection is an Ocean Optics MayaPro equipped with a 200pm slit and H3 grating
optimized for the visible spectrum, providing a resolution of 0.2 nm/pixel in the range of
400-800 nm. Spectral validation of the applied MayaPro CCD was performed using a Hg-
Ar calibration lamp (Ocean Optics, HG-2). A correction factor for the wavelength
dependence of the detection system was constructed using a calibrated lamp (Ocean
Optics, HL-2000). The measured raw data is automatically corrected using this
correction factor. The static linear polariser was initially aligned using a precision rotation
mount (ThorLabs, ELL14K) and subsequently fixed to the inherent birefringence of the
CCD (Sl Figure 2 and Sl Figure 3) and each quarter wave plate fast axis aligned at -45
degrees and +45 degrees to the polarisation axis of the linear polariser. All electronic
components (LEDs, SP/LP filter wheels, switchable linear stage and MayaPro CCD with
HR4-break out box for triggering) were controlled by a custom scriptin LabView 2023. The
script allowed for data collection in a continuous illumination mode, a quasi-continuous
mode and a pulsed mode where the CCD and LED were synchronised to reduce the
amount of exposure the sample received from the excitation source. The validation of the
SS-CPL detection systems, with respect to L- and R- CPL was achieved using light
emitting diodes (LEDs) at various emission wavelengths covering the entire spectral
range. The LED was mounted in the sample holder and the light from the LED was fed
through a broad band LP (polarising filter, ThorLabs, LPVISE100-A) and QWP (L/4 plate,
ThorLabs AQWP05M-600) to generate circularly polarised light’. For details on gold
standard PEM-CPL method and full list of components used for SC-CPL please see S|
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(Supplementary Note 2 and 3 respectively). All measurements were carried out at a
controlled and regulated T = 20.0°C (enclosure temperature stabilisation and the
integrated temperature-controlled sample holder) in order to avoid any previously
observed temperature dependant changes in CPL spectra and the emission dissymmetry
factor especially with low glum (<10-2) emitters.*®

Statistics and Reproducibility

Where instruments incorporating a scanning monochromator have been used
(absorption, emission, and excitation spectra) each sample has been recorded and
averaged as triplicate measurements. Spectra, where CCD detectors have been
employed, have been measured as an average of one hundred to a thousand spectra on
triplicate samples according to the protocol detailed in the Supplementary Information
(S1) section. All measurements were carried out at a controlled and regulated T=20.0"C
(enclosure temperature stabilisation and the integrated temperature-controlled sample
holder) in order to avoid any previously observed temperature dependant changes in CPL
spectra and the emission dissymmetry factor especially with low g (<10?) emitters.*®

Data availability

All data generated and analysed during this study including spectra and drawings are
available from the corresponding author upon request.

Code availability

Custom codes written and developed and used during this study are available from the
corresponding author upon request on a collaboration basis.
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Paving the Way Towards a Compact Complete Chiroptical Toolbox

A Rapid and Versatile Single Channel Time Resolved Circularly Polarised
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Materials and Methods

The optical layout of the spectrometer is shown in Figure 1 (image of the spectrometer is
shown in Sl Figure 1). The compound is excited by an LED capable of being pulsed which
is depolarised by a ground glass diffuser. The LEDs are mounted onto a custom-built low-
profile compact carousel (see Sl Figure 1 and S| Figure 7) allowing for multiple excitation
wavelengths to be used (365, 470, 525, 660 and 760 nm), the excitation light passes
through a clean-up short pass filter carousel (ThorLabs, FW102C) appropriately paired to
the pre-selected LED excitation source (OD4.0 400, 500, 550 and 700 and 780 nm
respectively). The emitted lightis collected at 90 degrees to the incident light. Two guarter
wave plates (Thorlabs, AQWP05M-600) with their fast axes orthogonally aligned were
mounted to a piezoelectric switchable stage (Thorlabs, ELL6K). The emission passes
through either of these quarter wave plates and then through a static linear polariser
(Edmund Optics, 47216). The emission light passes through a long pass filter carousel
(ThorLabs, FW102C) appropriately paired to the pre-selected LED excitation source
(OD4.0 400, 475, 525 and 675 and 775 nm respectively). The CCD used for spectral
collection is an Ocean Optics MayaPro equipped with a 200um slit and H3 grating
optimized for the visible spectrum, providing a resolution of 0.2 nm/pixel in the range of
400-800 nm. The static linear polariser was initially aligned using a precision rotation
mount (ThorLabs, ELL14K) and subsequently fixed to the inherent birefringence of the
CCD (Sl Figure 2 and Sl Figure 3) and each quarter wave plate fast axis aligned at -45
degrees and +45 degrees to the polarisation axis of the linear polariser. All electronic
components (LEDs, SP/LP filter wheels, switchable linear stage and MayaPro CCD with
HR4-break out box for triggering) were controlled by a custom script in LabView 2023. The
script allowed for data collection in a continuous illumination mode, a quasi-continuous
mode and a pulsed mode where the CCD and LED were synchronised to reduce the
amount of exposure the sample received from the excitation source. For details on gold
standard PEM-CPL method and full list of components used for SC-CPL please see S|
(Supplementary Note 2 and 3 respectively). All measurements were carried out at a
controlled and regulated T = 20.0°C (enclosure temperature stabilisation and the
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integrated temperature-controlled sample holder) in order to avoid any previously
observed temperature dependant changes in CPL spectra and the emission dissymmetry
factor especially with low glum (<10-2) emitters.’

Temperature
Control

Sample —_— l
— g Long Pass
| l ‘ Fllter Carousel
L

Magnetic
Control

Alternating
QWPs

SP Filter
Carousel

LED Carousel

Supplementary Figure 1: Photograph (top) and Schematics (Bottom) of SC-CPL
Instrument. All components assigned and colour-coded according to main text Figure1.
Scale bar 10 cm.
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respect to linear polariser (LP) alignment. This method was used to establish and fix
the LP at its optimal position that guided the final alignment of the two orthogonally fixed
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Supplementary Figure 3: Dependence of transmission and polarisation on QWP
position. (A) 100 spectra of A-EuL’ were recorded across the aperture of one aligned
QWP using TG acquisition mode, 365 nm excitation, 6 ms/spectrum integration time, 100
averaged spectra. At each position the sample was removed and the experiment
repeated to yield two measurements, a background and an emission. (B) Integrated total
intensity plot of background corrected spectra (570-720 nm) of each position. The lack of
deviation away form a perfect straight line (Mrewauntesity @3N Mpackground = 0, Mrotatntesiy= 0.932
and rPeackgouns = 0.956 respectively) verify that there is no dependence on position of the
QWP for true transmission both in intensity and polarisation). Each point corresponds to
a 1 mm shift across the 10 mm optical aperture of the QWP.
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Supplementary Figure 4: Schematic representation of three available time
sequence modes. Purple: pulse for UV-LED illumination; Orange: 100 ps pulse to
activate the CCD detector — in TG mode this is delayed by 20 ps (tse.y) to account for the
11 ps fall time of the LED (red); Green: 6 ms acquisition time (t..,); Blue: waveplate
alternation. In TG acquisition mode the QWPs start to switch and the LED is pulsed for 1
ms (tex.), @ 100 pus pulse activates the CCD which records for ta:q = 6 ms. The sequence
runs at 4 Hz. In Quasi-CW acquisition mode the LED remains on for the whole time the
CCD records then is disabled to reduce photobleaching while the QWP switches. In
Continuous acquisition mode the LED remains on constantly and the CCD collects all
spectra for one QWP arientation then the opposite QWP orientation.

Supplementary Note 1: Detailed description of the timing sequences coordinated
with QWP orientation.

In TG acquisition mode a periodic pulse sequence (4 Hz cycle frequency) is used to
alternate the QWP and trigger the LED and CCD to allow variable delay time resolved CPL
detection. The QWP is shifted to one orientation for a fixed dwell time before switching to
the other orientation for the next cycle to collect one spectrum for each of left- and right-
CPL. This enables observation of changing CPL signals vs time that can allow monitoring
of dynamic reactions and processes. During each 250 ms interval, a brief LED pulse (te.e.
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=1 ms duration) is used to excite the sample. Pulsed excitation is an important attribute
asitallows minimisation of excitation light exposure to avoid photobleaching that is often
a mitigating factor in collecting spectra over longer time periods. After a short delay (tqe.y
= 0.02 ms) allowing for the fall time of the LED (0.011ms),? the CCD detector is
electronically gated on and integrates the luminescence for a t..,. = 6 ms acquisition
window. This set 6 ms integration time represents the manufacturers default minimum
exposure time of the employed CCD (Ocean Optics MayaPro). At the end of the 6 ms
window, the CCD is read out, yielding one full emission spectrum corresponding to the
QWP orientation (i.e. essentially a left-CPL or right-CPL spectrum). The QWP then
switches to the alternate orientation and the sequence (LED pulse + CCD gate) repeats,
producing the next spectrum for the opposite circular polarisation. The switching of the
QWPs using the piezoelectric stage takes ~200 ms, however, an additional rest time (50
ms) is added to ensure the QWP has settled in the correct position and all emission has
decayed before the alternate spectrum is obtained. The QWP can start moving once the
LED begins its pulse because the precise alignment results in the same transmission
intensity and polarisation across the whole window and the CCD exposure is complete
before the QWP has shifted out of the emission beam (Sl Figure 3). Recording one left-
CPL spectrum then one right-CPL spectrum has the advantage that any degradation of
the compound happens at an equalrate as opposed to recording all left-CPL spectra then
all right-CPL spectra. The use of such time gating mechanism removes any shorter-lived
emission from organic luminophores compared to longer-lived emission from, for
example, Eu(lll) complexes (Sl Figure 5 and 6). To allow for recording of CPL spectra of
compounds with shorter lifetimes, the timing sequence has to be altered so that the
excitation is on during the whole acquisition exposure of the CCD. This would increase
the risk of photobleaching which would decrease the emission intensity over the whole
spectral measurement time, however, there is no need for the LED to remain on during
the shift of QWPs, only while the individual exposure is taken. Switching the LED off while
there is no emission collection results in a quasi-CW acquisition mode. This greatly
reduces sample degradation allowing for a larger number of spectra averages to be
recorded to reduce signal to noise ratio. This is particularly useful for organic samples
with considerably lower g.m values. For measurements where the sample is resistant
towards photobleaching and faster acquisition times are desirable, the instrument can
be operated in continuous mode where the excitation LED remains on for the whole
measurement. In this mode, the experiment times can be significantly reduced by first
recording all of the set number of left-CPL spectra to be, followed by the switch to the
alternative QWP orientation to record all of the right-CPL spectra.
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Supplementary Figure 5: Removal of short-lived emission (ns) using TG acquisition
mode. (A) Total emission spectra of a blend of Rhodamine 6G and A-Eul' ([C] =1 uM
respectively (B) Comparison of the corresponding CPL spectrum. A.. = 365 nm, 6
ms/spectrum integration time and 100 average spectra). (Black) Spectrum recorded
using guasi-CW acquisition mode, whilst (Red) spectrum recorded using TG acquisition
mode (as detailed in Sl Figure 4 using a 20 ps delay between excitation pulse and
emission detection window). Total ta.y.. = 50 and 2.5 seconds respectively.
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Supplementary Figure 6: Structure and photophysical parameters of test
compounds. CPB =& * ¢ * (gum/2); CPBi= CPB * B..
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400 mW, 18°

Wavelength, power and
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Supplementary Figure 7: (Left) Blueprint (Right) actualimage of the custom-built LED
carousel excitation source incorporating an array of LEDs with different wavelength
ranges (Supplementary Note 3).
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Supplementary Figure 8: TG SC- CPL of A and A EuL’. (A) Total emission spectra (B) CPL
spectra. [C] = 1 uM respectively, Aex =365 nm, 6 ms/spectrum integration time and 100
average spectra. Spectra recorded using TG acquisition mode (total t..,. = 50 seconds).
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Supplementary Figure 9: Concept of SC/CD-C2PL - a Complete Compact
Chiroptical Toolbox. The original design of SC-CPL has been extended with an add-in
alternating (phase matched or mismatched) CPL excitation module. To maximise
versatility a second CCD dedicated to true CD measurements can also be incorporated.
(This is necessary as beam routing the CD spectroscopy arm classically measured at a
180-degree orientation (absorbance: parallel vs. emission: perpendicular detection) to a
90-degree detection orientation using mirrors would detrimentally alter and change the
CD measurements due to reflection induced CPL inversion. Calibration and correction of
this would add complexity that is outweighed by the simplicity and cost of adding a
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secondary dedicated CD CCD detector. Employing a secondary CCD will also introduce
the added benefit of CD wavelength range and resolution tuning via grating and slits.) An
alternative pulsed White Laser Driven Light Source (W-LDLS) and Band Pass filter-based
wavelength selector can also be employed to fine tune and extend the excitation light
range (Supplementary Note 3).
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Supplementary Figure 10: Validation of the sensitivity and limitations of SC-CPL (red line) against the
benchmark PEM-CPL using low gum BOD-2. Structure of (A) (S)-BOD-2; (B): I, + I; (C): Iv - Is; (D): gum. Blue
traces are for the spectra recorded on a PEM-CPL and red traces are for the SC-CPL. The mode of SC-CPL
acquisition of spectra is TG (Aex= 470 nm, 1000 avg. spectra, total tay. = 25 seconds, PEM-CPL: 20 avg.
spectra. total t.., =4 h). The SC-CPL has a spectral resolution of 0.2 nm whilst the PEM-CM CPL has a set

excitation and emission resolution of 8 nm respectively. [S-BOD-2]= 1.5 uM
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Supplementary Figure 11: CW-SC-CPL spectral comparison of achiral fluorophore Rhodamine 6G to

demonstrate null-measurement and improved S/N ratio 100 vs. 10000 averaged scans. (A + C): . + Ir;
(B+ D): I, - Iy spectrum of Rhodamine 6G. A + B and B consist of 100 average scans (t.q. = 2.5 seconds) and

C +D 10000 average scans (t.., =250 seconds) respectively (A..= 365 nm, 400-800nm fixed spectral range,
EtOH, [C] = 0.8 uM) each with an integration time of 6 ms/spectrum. Inset: structure of Rhodamine 6G.
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Supplementary Figure 12: CW-SC-CPL spectra of achiral fluorophore Rhodamine 6G for validation of
the elimination of stray linear polarised light reaching the detector in the SC-CPL layout. (A): I, + 15, (B):
Ii - Is spectrum with incremental addition of sucrose in water (0 — 40 w/w%), [C] = 0.8 uM). Eash spectra
consist of 100 average scans (t..,. = 2.5 seconds, A.,= 365 nm, 400-800nm fixed spectral range, EtOH each

with an integration time of 6 ms/spectrum.
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Supplementary Figure 13: Comparison of SC-CPL and PEM-CPL spectra of A-Eul” and PP-PDI'. (A)
Structure of PP-PDI"; (B): I. + Is; (C): Iy - Ir; {D): 8um full spectrum PP-PDI' ([C] = 1.5 pM) Ae.525 nm. Blue traces
are for the spectra recorded on a PEM-CPL and red traces are for the SC-CPL. The mode of SC-CPL
acquisition of spectra is quasi-CW (10000 avg. spectra, total t,., =33.5 minutes, PEM-CPL: 20 avg. spectra.
total t.cq. = 4 h). No observed photobleaching of PP-PDI'was observed with SC-CPL, using PEM-CPL 5%
total intensity and CPL signal loss was observed with constant gum calculated for each averaged spectrum.

Supplementary Note 2: PEM-SM CPL Operating Principle.®

CPLwas measured with a home-built (modular) spectrometer. The excitation source was
a broad band (170 nm - 2500 nm) laser- driven light source EQ 99 (Elliot Scientific,
0.75W). The excitation wavelength was selected by feeding the broadband light into an
Acton SP-2155 monochromator (Princeton Instruments); the collimated light was
focused into the sample cell (1 cm quartz cuvette). Sample PL emission was collected
perpendicular to the excitation direction with a lens (f = 150 mm). The emission was fed
through a photoelastic modulator (PEM) (Hinds Series II/FS42AA) and through a linear
sheet polariser (Edmund Optics, 47216). The light was then focused into a second
scanning monochromator (Acton SP2155) and subsequently on to a photomultiplier tube
(PMT) (Hamamatsu H10723 series). The detection of the CPL signal was achieved using
the field modulation lock-in technique. The electronic signal from the PMT was fed into a
lock-in amplifier (Hinds Instruments Signaloc Model 2100). The reference signal for the
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lock-in detection was provided by the PEM control unit. The monochromators, PEM
control unit and lock-in amplifier were interfaced to a desktop PC and controlled by a
custom-written LabVIEW graphic user interface. The lock-in amplifier provided two
signals, an AC signal correspondingto (/.- lr) and a DC signal correspondingto (/.+ Ir) after
background subtraction. The emission dissymmetry factor was therefore readily
obtained from the experimental data, as 2 AC/DC. Spectral calibration of the scanning
monochromator was performed using a Hg-Ar calibration lamp (Ocean Optics, HG-2). A
correction factor for the wavelength dependence of the detection system was
constructed using a calibrated lamp (Ocean Optics, HL-2000). The measured raw data
was subsequently corrected using this correction factor. The validation of the CPL
detection systems was achieved using light emitting diodes (LEDs) at various emission
wavelengths. The LED was mounted in the sample holder and the light from the LED was
fed through a broad band polarising filter and A/4 plate (ThorLabs, LPVISE100-A and
AQWP0O5M-600) to generate circularly polarised light. Prior to all measurements, the A/4
plate and a LED were used to set the phase of the lock-in amplifier correctly. The emission
spectra were recorded with 0.5 nm step size and the slits of the detection
monochromator were set to a slit width corresponding to a spectral resolution of 0.25
nm. CPL spectra (as well as total emission spectra) were obtained through an averaging
procedure of several scans.; all calculations were carried out using raw spectral data.

Supplementary Note 3: Components Used

Component Manufacturer Model Price (GBP)

400-1000 nm white LED Roithner SMB1N-BB450-02 £16.10

(300 mW) LaserTechnik

365 nm LED (640 mW) Roithner SMB1N-365V-02 £14.50
LaserTechnik

470 nm LED (470 mW) Roithner SMB1N-D470-02 £8.50
LaserTechnik

525 nm LED (230 mW) Roithner SMB1N-525V-02 £8.50
LaserTechnik

660 nm LED (320 mW) Roithner SMB1N-D660N-02 £8.00
LaserTechnik

760 nm LED (400 mW) Roithner SMB1N-760D-02 £9.10
LaserTechnik

LED collimator lens Comar Optics 10TS 25 £241.10

400 nm short pass filter Edmund Optics 15466 £93.70

500 nm short pass filter Edmund Optics 15257 £93.70

550 nm short pass filter Edmund Optics 15258 £93.70

700 nm short pass filter Edmund Optics 15261 £93.70

800 nm short pass filter Edmund Optics 15263 £93.70

Filter wheel (x2) Thor Labs FW102C £1242

Ground glass filter Thor Labs DGUV10-220 £28.20

400 nm long pass filter Edmund Optics 62981 £223.30
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475 nm long pass filter Edmund Optics 84743 £223.30
525 nm long pass filter Edmund Optics 84744 £223.30
675 nm long pass filter Edmund Optics 84747 £223.30
775 nm long pass filter Edmund Optics 86069 £223.30
Cuvette holder ThorLabs CVH100/M £524.70
Piezoelectric stage ThorLabs ELL6K £198.30
Piezoelectric rotational | ThorLabs ELL14K £513.40
mount
Achromatic quarter wave | ThorLabs AQWP0O5M-600 £815.20
plate 400-800 nm (x2)
Linear polariser (10000 :1) | Edmund Optics 47216 £172.50
CCD Ocean Optics Maya2000Pro £6800
CCD collimating lens Ocean Optics 74-DA £138
DAQ device National USB-6210 £825
Instruments
Calibration lamp Ocean Optics HL-2000 £2400

To demonstrate versatility even further, a broad wavelength pulsed laser driven light
source (LDLS) coupled to a controlled rotational carousel with appropriately selected
bandpass (BP) filters was also used as an alternative excitation source. In our case we
have equipped and tested our SC-CPL spectrometer with a Edmund Optics white light
source kit LS-WL1(23881, £2750), equipped with LS-fiber-1000 (28743, £315) and
LightPath 354260 0.16NA collimator lens(47227)) with a ThorLabs FW212C (12 position,
14" optic) filter wheel containing the following BP filters (Edmund optics, OD 4.0, £153.40
each): 365/10 (65069), 400/10 (65071), 420/10 (65075), 440/10 (88567}, 480/10 (65084),
500/10 (65088), 535/10 (65095), 568/10 (65099), 600/10 (65102), 636/10 (65106), 660/10
(86086) and 700/25 (87888) nm. Additionally available interchangable %" filters to
facilitate maximised photon flux and wider UV excitation range are Edmund Optics
355/10(34490), 375/25 (12077) and 375/50 (12091) nm. Both light source and filter wheel
were integrated and automated by the SC-CPL’s dedicated LabVIEW automation and
readout software. The CW, quasi-CW and TG sequences are identical for both LED and
LDLS excitation. Results shown throughout the manuscript were conducted using the
dedicated LED carousel due to ease of use and prior availability. The total final build cost
of the SC-CPL instrument (built as per main text Figure 1) presented herein is £15k.

Supplementary Note 4: Sample Preparation
EulL'was prepared according to established procedures.*
PDI'was prepared according to established procedures.®

BOD-2 and 3 was prepared according to established procedures.®
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Rhodamine 6G perchlorate (99%) was purchased from Sigma Aldrich.

All samples were prepared to be optically dilute with an absorbance of 0.1 at the
excitation wavelength used. EuL' was prepared in MeCN, [C] = 1.5 uM, PDI" was prepared
in DCM, BOD-2 and BOD-3 [C] = 1.5 uM was prepared in CHCIl; and Rhodamine 6G was
prepared in EtOH, [C] =0.8 pM.
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