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Introduction

Chiral nanostructures derived from europium(in)
complexes for enhanced circularly polarised
luminescence and antibacterial activity¥

Betsy Marydasan,®® Karthika Suryaletha,“ Amrutha Manoj Lena,” Alida Sachin,?
Tsuyoshi Kawai, ©2 @ Sabu Thomas® and Jatish Kumar () *@

Nanomaterials that exhibit a multitude of properties are gaining vast attention in recent years. Minimising
the material consumption and simplifying the manifold synthetic routes adopted for the preparation of
diverse molecules and materials are the major advantages offered by such materials. Herein, we report
the synthesis of a series of optically active heterobimetallic Eu(in) complexes with the general formula
M*[Eu((+)-tfac)sl~ (M = Cs, Rb, K, Na) using chiral 3-trifluoroacetylcamphorate as the ligand. The metal
coordinated complex forms an interesting one-dimensional polymer crystal which further extends to
arrays resulting in a coordination network structure. The synthesized complexes exhibited high circularly
polarized luminescence. The optical activity was dependent on the size of the alkali metal cation and
was found to increase with the increase in the size of the ion. The caesium derivative of the complex
exhibited a remarkably high luminescence dissymmetry value and a high luminescence quantum yield.
The complexes undergo self-assembly in suitably selected solvents forming chiral nanostructures. The
aggregated structures of all the four derivatives showed high chiral luminescence both in the solution
state and solid films. In addition to chiral luminescence, the complexes exhibited promising antibacterial
activity towards multidrug resistant bacterial strains Staphylococcus aureus and Enterococcus faecalis,
microbes that form the root cause of consequential co-morbidities and mortality to humankind.
Moreover, the high luminescence quantum yield exhibited by the complexes shows promise towards
bioimaging applications. The facile approach opens new avenues for finding potential applications
for the lanthanide based nanosystems, both as efficient chiral luminescent materials and as effective
antibacterial agents.

emission of left and right circularly polarized light termed as
circularly polarized luminescence (CPL) is relatively new.>® The

Chiral optics has gained immense attention in recent years due
to its potential applications in interdisciplinary fields like
photonic displays, anti-counterfeit tags, quantum information
storage, and biological sensing."”” While chiral absorption is
extensively reported using circular dichroism (CD),>* the differential
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last decade has seen a surge in the amount of work devoted to
the development of CPL active materials, not only due to the
wide applicability of CPL, but also due to the vast structural
information it generates about the chiral molecule and its
environment in the excited state.® Any future application of
CPL active material is majorly governed by two important
factors: (i) high luminescence anisotropy factor (gium) and
(ii) the ability of the material to exhibit reliable properties in
solution and solid state.”*' The gi., measures the extent of
chiral dissymmetry in emission, and can be theoretically
denoted as gum = 4(u;my)/(|uz]” + |my|*), where m and u are
the magnetic and electric transition dipole moment vectors,
respectively.'! It is evident from the equation that molecules
exhibiting magnetic dipole allowed transitions are favourable
candidates that can generate high luminescence anisotropy.
In this context, special focus has been on lanthanide systems
owing to their parity allowed magnetic dipole transition within
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the f-orbitals."”>™"® Moreover, sharp emission bands, reasonably
good luminescence quantum yield, and high luminescence life-
time label them as ideal CPL active materials."®™"® Research in
this direction has revealed that coordination of the chiral
chromophores to metal centres can be an effective design
strategy for the enhancement of the anisotropic factor.*°™>
Kaizaki and coworkers have observed exceptionally large CPL
in Eu(m) complexes containing chiral f-diketonate ligands with a
camphor framework.>>*® Furthermore, the assembly of these
complexes to form chiral nanostructures has gained augmented
attention due to their enhanced performance, in terms of both
luminescence dissymmetry and quantum yield.>® While the self-
assembly of molecules forming nanostructures with enhanced
gium has been extensively investigated in organic lumino-
phores,"*® such studies in lanthanide-based complexes are
scarce. Herein, we focus on the development of Eu(u) complexes
and their nanostructures that exhibit high chiral luminescence in
solution as well as solid state.

Recently, research focus has diverted attention towards the
development of active materials capable of exhibiting a multi-
tude of functional properties.”’>° This will minimize the
material consumption and simplify the otherwise manifold
synthetic routes adopted for the preparation of diverse mole-
cules and materials.* In this regard, the use of optically active
molecules in the biomedical field is an interesting develop-
ment.*" In this era of emerging antibiotic resistance, it is highly
relevant that we design novel drug combinations that work
effectively against rising bacterial infections.’*** The World
Health Organization (WHO) has enlisted a top priority patho-
gen list, which emphasizes the undeniable need for the devel-
opment of a new class of antibiotics to tackle this systemic
problem.** Despite the vast potential of lanthanide complexes
as antimicrobial agents, studies in this direction have gained
very little attention.®® Realising their relevance under the
current circumstances, we have identified promising candidate

Jatish Kumar obtained his PhD
in Chemistry from the CSIR-
National Institute for Inter-
disciplinary Science and Tech-
nology (NIIST), Trivandrum,
India. After completion of his
PhD, he worked initially as a
JSPS postdoctoral  fellow and
later as an assistant professor at
the Nara Institute of Science and
Technology (NAIST), Nara, Japan.
Later he moved as a Marie Curie
postdoctoral  fellow to CIC
biomaGUNE in San Sebastian,
Spain. He joined the Indian Institute of Science Education and
Research (IISER) Tirupati, India, as an Assistant Professor in
December 2018. His research interests are in the field of
nanoscale chirality, photochemistry and assembly of nano-
materials.

Jatish Kumar

This journal is © The Royal Society of Chemistry 2022

View Article Online

Journal of Materials Chemistry C

B0 620 640
o Wavelength (vm)

4

Fig. 1 Scheme illustrating the use of the Eu(i) trifluoroacetylcamphorate
complex and the corresponding nanomaterials as both (i) CPL active
materials and (ii) antibacterial agents.

molecules that show activity against the high priority Gram
positive nosocomial pathogens, multidrug resistant Staphylococcus
aureus and Enterococcus faecalis, microbes that form the root cause
of consequential co-morbidities and mortality to humankind.***”
We have synthesized a set of chiral nanostructures from hetero-
bimetallic Eu(m) complexes with 3-trifluoroacetyl-(+)-camphorate
(tfac) as a chiral ligand, that can function as effective antibacterial
agents. Low toxicity along with enduring luminescence makes
these complexes promising candidates for biomedical applications.
Moreover, they exhibit high CPL activity, opening new avenues for
the use of CPL active materials in biomedical research (Fig. 1).

Experimental section
Materials

Chlorides and sulphates of caesium(i), rubidium(i), potas-
sium(i), and sodium(i) were obtained from Tokyo Chemical
Industry Co., Ltd (TCI), India. The complex europium(m) tris-
[3-(trifluoromethylhydroxymethylene)-(+)-camphorate]| was pur-
chased from Sigma-Aldrich chemicals Private Limited, India.
Reagents and solvents were also purchased from the above
mentioned commercial sources.

Synthesis of the complex

The alkali metal tetrakis 3-trifluoroacetyl-(+)-camphorato euro-
pium(m) complex was synthesized from  tris(3-trifluoroacetyl-
(+)-camphorato)europium(m) (Eu((+)-tfac);) by the reaction with
10 equivalents of the metal salt (chloride/sulphate) in a chloro-
form-water mixture for 3 h at room temperature. The schematic
representation of the synthesis and the structure of M'[Eu((+)-
tfac),]” is shown in Fig. S1 (ESIf). The synthesized Eu(m) com-
plexes were crystallised in an ethyl acetate-hexane solvent mixture.

The structure of the bimetallic complex Cs'[Eu((+)tfac),]” was
investigated using single-crystal X-ray analysis.

Sample preparation for analysis

All photophysical and chiroptical measurements were carried
out in chloroform and DMSO solutions. Sonication was done to
achieve maximum solvation. For solid-state studies, samples
were prepared by dissolving 0.8 g of PMMA in chloroform
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followed by the addition of the samples dissolved in chloroform
to reach a total volume of 10 ml. The solution was then heated
at 40 °C for 40 min and allowed to cool to room temperature.
A part of the solution was coated on quartz plates and used for
photophysical and chiroptical studies. The composite polymer
solution was transferred to a Petri dish and allowed to dry to
obtain free standing films after complete evaporation of the
solvent.

Characterization

All photophysical and chiroptical studies were done in 2 mM
chloroform and DMSO solution unless stated otherwise. UV-vis
spectra were collected on a Cary 5000 high-performance UV-vis
and NIR spectrophotometer. Photoluminescence measure-
ments were performed on JASCO FP-8500 equipped with a
150 W xenon lamp with medium sensitivity. CD spectra were
collected on a JASCO J-1500 Series spectrometer with a 150 W
xenon lamp as the light source. The CPL studies were per-
formed on JASCO CPL-300 with a 150 W xenon arc lamp. Single
crystal XRD measurements were made on a Rigaku R-AXIS
RAPID diffractometer using filtered Mo-Ka radiation. Lumines-
cence lifetime was measured using the Edinburg FLS-1000
fluorescence spectrometer. Absolute quantum yield measure-
ments were done using the integrating sphere in an Edinburg
FLS-1000 instrument.

Antibacterial activity

The complexes were tested for antibacterial activity against a set
of Gram positive (Staphylococcus aureus ATCC 25923, methicillin
resistant Staphylococcus aureus (MRSA) 145, MRSA 108, S. aureus
470, Enterococcus faecalis ATCC 29212, E. faecalis SK460) and Gram
negative pathogens (Escherichia coli ATCC 25922, Pseudomonas
aeruginosa ATCC 27853, Salmonella typhi, and Vibrio cholerae
MCV09).

Broth microdilution assay was performed to check the
antibacterial activity of compounds at 100, 75, 50, 35 and
25 pM concentrations. The culture inoculum with DMSO was
used as the negative control for each strain. After 24 h incuba-
tion, the growth inhibition was studied by monitoring the
absorbance at 600 nm in a Microplate Absorbance Reader
(iMark™, BioRad, US).

Broth microdilution assay

To perform the broth microdilution assay, overnight culture of
each pathogen was grown in Muller Hinton broth (Himedia,
India) medium and was diluted to 0.1 O.D. at 600 nm. The
compounds were dissolved in DMSO and added to the above
diluted bacterial culture at different concentrations ranging
from 100, 75, 50, 35 and 25 puM. Further, the broth micro-
dilution assay was performed in 96 well microliter plates (Nunc,
Denmark). The culture inoculum with DMSO was used as the
negative control for each strain. After 24 h incubation, the
growth inhibition was studied by monitoring the absorbance
at 600 nm in a Microplate Absorbance Reader (iMark™,
BioRad, US).
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The percentage of bacterial inhibition was calculated using
the following equation:

% inhibition = [1 — (Xae00/Cas00)] X 100

where X600 and Cyeo0 represent the absorbance of the com-
pound treated bacterial culture and the control culture at
600 nm, respectively.

The minimum inhibitory concentration (MIC) of Cs'[Eu((+)-
tfac),]~ was determined against susceptible pathogens using
the microdilution method as per the guidelines of the Clinical
and Laboratory Standards Institute against susceptible patho-
gens (CLSI, 2012).

Hemolytic assay

In order to perform the safety evaluation of the most potent
complex Cs'[Eu((+)-tfac),]”, the hemolytic activity was per-
formed in human red blood cells. The experiment was con-
ducted by incubating erythrocyte suspension (4%) in phosphate
buffered saline (PBS) with the compound at 25 and 50 uM
concentrations at 37 °C for 1 h in triplicate. Triton X-100 (0.1%)
was used as the positive control and PBS as the negative
control. After proper incubation, the supernatant was collected,
and absorbance was measured at 405 nm. The hemolysis
percentage was calculated using the followed equation:

Hemolysis (%) = (O.D. Compound — O.D. Negative control)/
(O.D. Positive control — O.D. Negative control) x 100.

Results and discussion

The synthesis of the complexes was carried out by following a
reported procedure with slight modifications (Fig. S1, ESIt).>**®
Four sets of Eu(u) complexes with the molecular formula
M'[Eu((+)-tfac),]” (M = Cs, Rb, K, Na) were synthesized by
varying the alkali metal ion (Fig. 2a). The Europium complex
Cs'[Eu((+)-tfac),]” was structurally authenticated by single
crystal X-ray diffraction, and the corresponding -crystallo-
graphic data are listed in Table S1 (ESIt). Unlike the previously
reported Eu(m) complex with the heptafluorobutyryl campho-
rate ligand, the Eu center in Cs'[Eu((+)tfac),]” adopts a ten-
coordinated bicapped structure (Fig. 2b and Fig. S2, ESIY).
Eu(m) is chelated to eight oxygen atoms from the four bidentate
ligands. In addition to this, a water molecule coordinates to
Eu(m) on opposite sides forming a bridge between Eu and Cs.
The Eu-O bond lengths are in the range of 0.23-0.24 nm for
coordination to the ligands and around 0.21 nm for coordina-
tion to water. The Cs' in Cs'[Eu((+)-tfac),]” coordinates to one
C-F bond in each of the four —-CF; groups, resulting in a strong
M"...FC electrostatic interaction. In addition to this, the Cs"
interacts with oxygen atoms of the ligand through coordinate
bonds. These interactions span within 0.35 nm, slightly higher
than what is reported on similar lanthanide complexes.** The
steric effects from the bulky camphor system are outweighed by
the presence of the exceptional M"- - -FC interactions resulting
in rigid chiral orientation. The presence of coordinate bonds on

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (a) Molecular structure of M*[Eu((+)-tfac)sl” (M = Na, K, Rb, Cs).
(b—d) X-ray crystal structure of (b) the Cs*[Eu((+)-tfac),]~ complex, (c) its
one-dimensional array and (d) the network structures.

the Cs'[Eu((+)-tfac),]” complex leads to the formation of an
interesting one-dimensional polymer crystal (Fig. 2c and
Fig. S2c, ESIt). The five coordinate bonds facilitate the for-
mation of such a polymer network. Further extension of the
network leads to arrays of the crystals resulting in coordination
network structures as evident from Fig. 2d and Fig. S2d (ESIY).
The arrays of networks are held together by weak van der Waals
interactions. Such an unusual arrangement of the ligands
around the metal center is expected to influence the properties
of the complex, and further insights in this regard are estab-
lished through the photophysical and chiroptical investigations
of the complexes.

To analyse the preliminary photophysical characteristics of
the synthesized Eu(m) complexes, chloroform was selected as
the solvent wherein the complexes remain dispersed in their
monomeric state.”® The CD spectra of the Cs'[Eu((+)-tfac),]”
complex exhibited bisignate signals at the corresponding
absorption peak at around 310 nm (Fig. 3a and b). The
bisignate peak arises due to the exciton coupling between the
long-axis n-n* transition dipole moments of the (+)-tfac ligands
around the Eu(m) ion indicating a chiral orientation between
the ligands. Surprisingly, other complexes (Rb, K and Na) under
similar conditions exhibited a weak positive CD indicating the
disruption of configurational chirality on decreasing the size of
the alkali metal ion (Fig. 3a, b and Fig. S3, ESIf). Such an
observation is suggestive of the dissociation of the tetrakis(+)-
tfac Eu(ur) complex into the tris derivative, [Eu((+)-tfac);].>>>®
The presence of [Eu((+)-tfac);] was independently verified by
collecting the CD spectra of the complex in chloroform (Fig. 54,
ESIY). The CD profile resembled that of M [Eu((+)-tfac),]” (M = Rb,
K, Na) confirming the dissociation of the tetrakis(+)-tfac Eu(m)

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (a) CD, (b) absorption, (c) CPL and (d) luminescence spectra of
Cs*[Eu((+)-tfac)s]~ (red traces) and Rb*[Eu((+)-tfac)sl” (blue traces) in
chloroform (concentration = 2.0 mM; excitation wavelength Aex =
352 nm).

complex with the decrease in the size of the metal ion. The
emission spectra of the Cs complex showed spectral features
typical of similar europium complexes: peaks at 595 and 610 nm
corresponding to the °D, — ’F; and °D, — ’F, transitions,
respectively (Fig. 3d). Intense CPL was observed at both emission
wavelengths. The extent of chiral dissymmetry which is quanti-
fied using the anisotropic factor can be calculated as gym =
2(I, — Ig)/(I. + Iy), where I;, and I are the intensities of left- and
right-circularly polarized light, respectively.**™*' While the electric
dipole allowed transition at 610 nm exhibited a low g, value of
0.128, a high gy, value of —0.701 was observed for the °Dy, — 'F,
transition at 595 nm, which is well-suited for CPL studies as it
satisfies the selection rule for magnetic-dipole, A/ = 0, =1 (except
0 < 0) (Fig. 3c). The high anisotropy in luminescence can be
attributed to the helical arrangement of the tfac around the metal
center. Moreover, the peculiar structural features of the complex
provide it a favourable geometry that contributes to the high
anisotropic factor as evident from the crystal structure.

The spectral features showed a radical change on changing
the alkali metal ion in the complexes. A drastic decrease in the
CPL peak intensity was observed on decreasing the size of the
alkali metal ion. The existence of a dynamic equilibrium
between the complexed state M'[Eu((+)-tfac),]” and the dis-
sociated state Eu((+)-tfac); is responsible for the observed
spectral features.”> The nature of equilibrium depends largely
on the size of the alkali metal ion. Unlike the heptafluoro
derivative,?® the lower number of fluorine atoms in the trifluoro
analogue causes the equilibrium to shift towards the disso-
ciated state with a small change in the size of the metal ion. The
dissociated complex Eu((+)-tfac); exhibited very low lumines-
cence and a weak chirality in chloroform (Fig. S4, ESIt). This in
turn resulted in a decrease in the overall dissymmetry factor
for the complexes formed using Rb*, K" and Na" as metal ions
(Fig. S3c and d, ESIY). The existence of such an equilibrium was
further confirmed with the help of concentration dependent
CPL measurements (Fig. S5, ESIT). The concentration depen-
dent studies in chloroform showed major changes in the gjum
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value only in the case of the Cs complex. The gj,, for the *Dy — “F;
transition in Cs'[Eu((+)-tfac),]” decreased from —0.701 to
—0.513 upon lowering the concentration to 1.0 mM (Table S2,
ESI¥). A similar change was noticed for the D, — ’F, transition
as well. The Cs complex that remained majorly in the undisso-
ciated form at higher concentration (2.0 mM) experienced a
shift in equilibrium towards the dissociated Eu((+)-tfac); state
upon decreasing the concentration (1.0 mM). Such an equili-
brium shift resulted in a decrease in the luminescence aniso-
tropy value. In contrast, the effect of concentration on the other
derivatives (Rb, K and Na) was minimal as these complexes
remained in the dissociated state even at a higher concen-
tration of 2.0 mM. The dissociation equilibrium would undergo
minimal changes upon further dilution. The luminescence
lifetime of the Cs'[Eu((+)-tfac),]” complex exhibited a mono-
exponential decay with an excited state lifetime of 0.63 ms
(Table 1). In contrast, the Rb analogue exhibited a triexponential
decay with lifetimes of 0.63, 0.016 and 0.027 ms, further confirm-
ing the presence of multiple emitting species in solution (Fig. S6,
ESIY). An attractive feature of the Cs'[Eu((+)-tfac),]~ complex is its
high luminescence quantum yield. A remarkably high quantum
yield of 20.3% was observed for the 2.0 mM solution of the
complex in chloroform. However, the values were quite low
(below 2.0%) for Rb, K and Na derivatives owing to the weakly
emissive nature of the dissociated tris derivative Eu((+)-tfac)s.

For any system to be developed for practical applications,
it is necessary that its properties are demonstrated in the solid
state. To investigate the properties of the complexes in the solid
state, the complexes were embedded in a polymer matrix.
This was achieved by preparing PMMA (8 wt%) films of the
complexes in chloroform. The hybrid films retained the proper-
ties in the solid state and exhibited spectral features similar to
that observed in solution. The solid-state CD measurements
revealed a bisignate peak for the Cs derivative, whereas weak
positive peaks were observed for the other derivatives (Fig. S7,
ESIY). The Cs derivative exhibited an intense CPL signal with a
high gy,m value of —0.29 for the D, — ’F; transition corres-
ponding to the magnetic dipole allowed band at 595 nm
(red trace in Fig. 4a and b). Analogous to the observations in

Table 1 The luminescence lifetime data of the complexes M*[Eu((+)-
tfac)4]” (M = Cs, Rb, K, Na) in chloroform, PMMA film and in DMSO

Chloroform PMMA films DMSO

M 7 (ms) M 7 (ms) M 7 (ms)

Cs  0.63 (100%) Cs  0.65(88.8%)  Cs

0.13 (11.2%)

0.13 (65.6%)
0.44 (34.4%)

Rb  0.63(92.1%) Rb
0.016 (5.9%)
0.027 (2.0%)

0.40 (66.3%)  Rb
0.16 (33.7%)

0.18 (54.6%)
0.02 (44.4%)

K — K 0.37 (63.5%) K 0.18 (91.9%)
0.09 (36.5%) 0.07 (8.1%)
Na — Na 0.34 (65.3%) Na 0.15 (78.5%)
0.08 (34.7%) 0.51 (15.1%)
0.02 (6.4%)

13958 | J. Mater. Chem. C, 2022, 10, 13954-13963

View Article Online

Paper
a) (c)
15 (
& 1000
2 "
5 € 100
£ 0 3
= 10
o
E 1
15 0 3 6 9
0.12 (b) Te = d
a a*
= 1000 I6l)
2 m =
(0] -
Z006 3 100
w2 [&]
= 10
0.00 ) Fr
550 600 650 0 3 6 9

Wavelength (nm) Time (ms)

Fig. 4 (a) CPL and (b) fluorescence spectra of Cs*[Eu((+)-tfac)s]™ (red
traces) and Na*[Eu((+)-tfac)s]~ (green traces) embedded in the PMMA
films. (c and d) Luminescence lifetime plots of the hybrid PPMA films
composed of (c) Cs*[Eu((+)-tfac)sl~ and (d) Na*[Eu((+)-tfac)sl™ (lex =
352 nm). The inset shows the photographs of the corresponding films
collected upon excitation using a 365 nm UV lamp.

chloroform solution, the gj,m, values in films decreased with the
decreasing size of the alkali metal ion (Fig. S8, ESI{), with the
CPL almost disappearing for the Na derivative (green trace in
Fig. 4a and b). A low value of —0.092, —0.089 and —0.003 was
observed for the Rb, K and Na analogues, respectively. As the
polymer films were prepared from complexes dispersed in
chloroform, the chiral anisotropy of complexes followed a
similar trend as in chloroform; the Cs derivative exhibited a
high gjum value and a sudden decrease was observed upon
decreasing the size of the metal ion to Rb, K and Na. This is due
to the existence of higher proportion of the undissociated
complex in Cs'[Eu((+)-tfac),]” and the shift in equilibrium
towards the dissociated species Eu((+)-tfac); for other deriva-
tives (Rb, K and Na). This effect could be further established by
preparing films using solution at two different concentrations
(Fig. S9, ESIf). Upon decreasing the concentration of the
complex, a decrease in the gy, value was observed, the effect
being prominent for the Cs derivative and minimal for the
other complexes (Table S3, ESIT) (vide supra). While the trend
followed solution state investigations, the absolute values
diminished in the solid state. The difference in luminescence
and CPL activity in solid state can be attributed to various
factors such as the crystal packing and the solvation effects.*>*?
A lower value in the solid KBr pellet has been reported on
similar systems and this could be due to the unfavourable
orientations and the lower stability of the complexes in the
matrix.** The complexes were stable to measurements in
solution; however, longer exposure of the same point on the
film during larger accumulations led to a decrease in lumines-
cence as well as CPL intensity of the samples. While the gjum
values decreased in solid films, the value observed for the
complex Cs'[Eu((+)-tfac),]” was high enough for any practical
application.

Chiral measurements on solid surfaces are prone to arte-
facts due to linear dichroism/linear birefringence. To establish

This journal is © The Royal Society of Chemistry 2022
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the uniformity of data, the CPL and CD spectra were collected
from multiple points by rotating and flipping the films (Fig. S10
and S11, ESIY). Except for slight variations in the intensity of
the peaks, the sign as well as the gj,, values of the peaks was
consistent ruling out the possibility of any artefacts due to
linear polarization effects (Table S4, ESIT). Hence, the repeated
measurements prove the reproducibility of the dissymmetry
factor of the complexes in the solid-state beyond doubt. The
complexes in polymer films exhibit bright luminescence upon
excitation using UV light highlighting the potential of
these complexes to be developed as light-emitting materials
(Fig. S12a, ESIt). The lifetime plots showed biexponential decay
for the Cs derivative. The major and minor species exhibited
lifetimes of 0.65 ms (88.8%) and 0.13 ms (11.2%) respectively
(Fig. 4c). The other derivatives also exhibited biexponential
curves (Fig. 4d and Fig. S8c, d, ESIT); however, both emitting
species were predominant, indicating a shift in the dissociation
equilibrium with the decrease in the size of the alkali metal ion
(Table 1).

Self-assembly of molecular systems is a facile approach that
can be adopted for the fabrication of robust nanomaterials.*®
Self-assembly of chiral molecules can result in chiral nano-
structures that can function as optically active materials for
application in diverse fields.*® To investigate the self-assembly
of the M'[Eu((+)-tfac),]” complexes, the compounds were
dispersed in DMSO. The morphological features of the as-
dispersed complexes were studied using scanning microscopy
(SEM) and transmission electron microscopy (TEM). SEM
images of samples drop cast on silicon wafer showed well
defined structures. Long wire like structures were observed
from Cs'[Eu((+)-tfac),]” and Na'[Eu((+)-tfac),]” (Fig. 5a and
b). Similar morphological features were observed for the nano-
structures formed from different complexes (Fig. S13, ESIT).
Further characterization using TEM imaging confirmed the
morphology of the self-assembled nanostructures (Fig. 5c-e).
Long wire like structures with an average width of 200 nm
and length of few micrometers were observed in all the cases.

Fig. 5 SEM images of nanostructures formed in DMSO solutions of (a)
Cs*[Eu((+)-tfac)4]~ and (b) Na™[Eu((+)-tfac)4]~. TEM images of the self-
assembled aggregates formed from (c) Cs*[Eu((+)—tfac)al ", (d) Ro* [Eu((+)-
tfac),]~ and (e) KT [Eu((+)-tfac)s] ™.

This journal is © The Royal Society of Chemistry 2022
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With the complexes being chiral in nature, the assembled
structures are also expected to be chiral. Close analysis of the
images revealed that the wired structures exhibited a helical
twist in certain regions, even though the twist was not apparent
from the images. The images confirm that the complexes self-
assemble to form well defined aggregated structures in suitably
selected solvents.

Investigation of the luminescence properties of the nano-
structures is vital to finding potential applications for the
materials. The luminescence spectra of the complexes exhibited
typical spectral signatures observed for similar Eu complexes: an
intense peak at 610 nm corresponding to the electric dipole
transitions (°D, — F,) and a weaker peak at 591 nm attributed
to the magnetic dipole allowed transitions (°D, — “F,). Additional
peaks with weaker intensities corresponding to various transitions
in lanthanides were also observed. The fluorescence intensity
increased with an increase in the size of the alkali metal ion;
the most intense peak was observed for the Cs derivative, the peak
intensity gradually decreased for the Rb and K analogues, and a
weak peak was observed for the Na derivative (Fig. 6a). The excited
state chiral properties of the complexes were explored using CPL
spectroscopy. The CPL spectra of the complexes exhibited peaks
in the fluorescence range. The peak observed at 610 nm showed
maximum intensity in CPL; however, the g, values were found
to be modest at around 0.133 for Cs'[Eu((+)-tfac),]". In contrast,
the peak at 591 nm exhibited a significantly high gy, value
(Fig. 6b). The chiral luminescence anisotropy varied depending
on the alkali metal ion. A high g, of —0.691 was observed for
Cs'[Eu((+)tfac)y] ", and the value decreased to —0.565, —0.492, and
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Fig. 6 (a) Fluorescence and (b) CPL spectra of the nanostructures formed
from M*[Eu((+)—tfac)4]~ complexes in DMSO (concentration = 2.0 mM; A,
= 371 nm). The excited state lifetime plots of (c) Cs*[Eu((+)-tfac)sl™,
(d) Rb*[Eu((+)—tfac)s]™, () K*[Eu((+)-tfac)sl™ and (f) Na*[Eu((+)-tfac)sl ™.
The insets show the photographs of the DMSO solutions of the corres-
ponding samples collected upon excitation using a 365 nm UV lamp.
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—0.440 for Rb'[Eu((+)-tfac),]”, K'[Eu((+)-tfac),]” and Na'[Eu((+)-
tfac),]” complexes respectively, for the magnetic dipole allowed
°D, — ’F, transition at 591 nm. The remarkable gj,,, values are the
result of multiple factors; the assembly of the complexes contri-
butes to the enhanced chiral anisotropy in addition to the rigid
chiral orientation facilitated by the stereochemical lock offered by
the alkali metal ions as observed in the XRD data (vide supra). In
contrast to the observations in chloroform, the concentration
dependent studies in DMSO showed changes in gy, values for
all complexes (Fig. S14, ESIt). A decrease in chiral anisotropy upon
decreasing the concentration indicates a shift in equilibrium
towards the dissociated tris derivative Eu((+)-tfac); upon lowering
the concentration in all the four derivatives (Table S5, ESIt). The
complexes remained majorly in the undissociated form at higher
concentration (2.0 mM) and a shift towards the dissociated form
was observed upon decreasing the concentration (1.0 mM). The
highly luminescent nanomaterials have great potential to be used
in various applications (Fig. S12b, ESIT). Due to the non-availability
of the ligand possessing opposite chirality, we could not obtain
mirror image CPL plots for the complexes with opposite signals.

The excited state lifetime data of the nanostructures were
collected in DMSO. The Cs'[Eu((+)-tfac)y]~ complex showed
a biexponential decay with excited state lifetimes of 0.13 and
0.44 ms (Fig. 6¢). The Rb derivative exhibited similar decay
curves with lifetime values of 0.18 and 0.02 ms (Fig. 6d).
A similar trend was observed in the case of the K and Na
derivatives (Fig. 6e and f). A shift in the lifetime of the major
emitting species was observed in all cases indicating that the
luminescence originates from the aggregated structures for all
four complexes in DMSO (Table 1). This change can be attri-
buted to the shift in emission from the complexes in chloro-
form to the self-assembled aggregates in DMSO. Moreover, the
presence of multiple emitting species is quite common in such
self-assembled aggregated structures.>’

A comparison of the photophysical properties of the com-
plexes in chloroform and DMSO shows certain notable differences.
In chloroform, the Cs derivative exhibited high luminescence
quantum yield and CPL anisotropy. A sudden decrease in both
luminescence and CPL could be observed on moving from Cs to Rb
complex indicating the role of the size of the alkali metal ion in
holding the complex in its preferred chiral geometry. The
tetrakis(+)-tfac Eu(m) complex dissociates into the tris derivative
leading to low luminescence as well as CPL activity upon decreas-
ing the size of the alkali metal ion. In contrast the variation in gj,m
values was gradual in DMSO. The Cs'[Eu((+)-tfac),]” complex
exhibited high chiral anisotropy, which gradually decreased in
the order Cs > Rb > K > Na (Table 2). The lowering of chiral
anisotropy with the size of the alkali metal ion is evident in DMSO
as well; however, the aggregated structures might hold the com-
plexes in their preferred chiral orientation leading to reasonably
high gjum values even with smaller alkali metal ions. From these
observations, it can be concluded that the effect of self-assembly on
the gjum value was less prominent in Cs'[Eu((+)-tfac),]~ where the
size of the alkali metal ion is large. Hence, the Cs'[Eu((+)-tfac)y]”
complexes exhibited almost similar g, values in both chloroform
and DMSO. The values were found to decrease upon decreasing
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Table 2 The gum Vvalues of the complexes in chloroform and the
nanostructures in DMSO

Chloroform DMSO

M Slum (5D0_7F1) Slum (5D0_7F2) M Slum (5D0_7F1) Slum (5D0_7F2)
Cs —0.701 0.128 Cs —0.691 0.133

Rb -0.155 0.051 Rb —0.565 0.054

K —-0.025 0.003 K -0.492 0.047

Na —0.005 0.001 Na —0.440 0.041

concentration in both cases. In contrast, the effect of self-assembly
was prominent in complexes with smaller size of the alkali metal
ion (Rb, K and Na). In all three derivatives, the gj,n, value was found
to be very low in chloroform. However, these complexes exhibited a
high value in DMSO wherein aggregation was observed. Hence,
these complexes remain in the dissociated form in chloroform and
the equilibrium shifts more towards the undissociated form in
DMSO. Even though the equilibrium is shifted more towards the
undissociated complex, the presence of Eu((+)-tfac); in the aggre-
gates cannot be completely ruled out. This was established through
concentration dependent studies where all four complexes showed
a gradual decrease in the g, values on lowering the concen-
tration. This is an indication of the shift in equilibrium towards the
dissociated form at lower concentrations. Even though an exact
quantification of the dissociated species within the aggregates is
difficult, CPL investigations indicate that their proportion in the
aggregated structures is low.

For any application of the complexes and the nanostructures
in the biological system, it is important that their properties
are investigated in aqueous medium. The complexes being
insoluble in water could not be dispersed in aqueous medium
directly; instead the samples were prepared in a solution
possessing high water content. For this, samples with varying
water:DMSO composition were prepared and analysed for their
CPL activity. CPL investigations revealed that the system is
stable up to a high-water content of 80% (Fig. S15, ESIt). The
stability of the samples indicates the potential of these systems
to be used in biological applications.

Having established the good chiroptical properties of the
Eu(m) complexes and the corresponding nanostructures, we
further explored the potential of these materials in the bio-
medical field, which has been least explored. Indiscriminate
use of antibiotics in medicine and agriculture has led to the
creation of multidrug resistant microbes which is turning out
to be a significant challenge in clinical settings globally. There
is an urgent demand for new and effective molecular systems
that can inhibit the growth of such microbes and combat the
spread of bacterial infections. Karthikeyan et al. synthesized a
chiral lanthanide complex with antibacterial properties, which
was toxic against Gram positive Staphylococcus aureus and
Gram negative Escherichia coli.*® Antimicrobial activity is eluci-
dated based on the release of Ln(u) ions into the cell that
affects the metabolic synthesis of peptidoglycan thereby dis-
rupting the osmotic stability of the bacterial cell wall causing
structural modifications and cell death. We investigated
the antibacterial activity of the synthesized heterobimetallic
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europium complexes M'[Eu((+)-tfac),]” (M = K, Rb and Cs)
against a set of clinical and multidrug-resistant strains of Gram
positive pathogens (Staphylococcus aureus and Enterococcus
faecalis) and Gram negative pathogens (E. coli, Pseudomonas
aeruginosa, Salmonella typhi and Vibrio cholera).

Initial studies were carried out to analyse the antibacterial
activity of Cs'[Eu((+)-tfac),]” with the selected set of Gram
positive and Gram negative pathogens. The complex exhibited
potent inhibitory activity only against Gram positive pathogens
- S. aureus, MRSA, and E. faecalis isolates — whereas moderate
activity was observed against E. coli and S. typhi. The complex
did not show much activity against V. cholerae MCV09 and
P. aeruginosa ATCC 27853. The Cs derivative exhibited 88%
inhibition against S. aureus strains and 78% inhibition against
E. faecalis strains at 25 pM concentration. The same complex
exhibited 52% inhibition against E. coli, 41% inhibition against
S. typhi, 29.5% inhibition against V. cholerae and 27% inhibi-
tion against P. aeruginosa at 35 uM concentration. Reduced
activity was observed at lower concentrations (Fig. 7a). Further,
the MIC value was determined to be 15 and 20 uM against
S. aureus and E. faecalis isolates, respectively. The observed
results could be explained by examining the cell wall composi-
tion of bacteria. Gram negative bacteria have an extra outer
membrane made of lipoproteins which hinders the penetration
of administered drugs.*”” One major factor aiding the antibac-
terial property of lanthanide ions is their size. Due to their
similarity in size with the Ca>* ion, and higher charge affinity,
they can easily replace Ca®" ions in many enzymes and proteins
leading to inhibition of cell activities and eventually cell
death.*® Moreover, the lipophilic nature of the Ln(m) complexes

(a) 100~ MRSA 145
— o ———o———, —*-MRSA 108
80} §é= -l g —o—S. aureus ATCC
c —*x—S. aureus SK470
% 60+ E. faecalis ATCC
'E —a—E. faecalis SK460
OE 40} —u-P. aeruginosa ATCC
—e-E. coli ATCC
20+ —vy-S. typhi

1 (') 0 75 50 2'5 =e—V. Cholerae

Conc. of compound (uM)

—
O
~—"

100

75t

50

% Hemolysis

25¢

5 ] 0.7 2.08
positive control 25uM 50uM
Conc. of compound

Fig. 7 (a) Percentage inhibition of the Cs*[Eu((+)-tfac)4]~ complex against
major Gram positive and Gram negative pathogens. (b) Haemolytic activity
of the compound on human erythrocytes after 1 h of incubation at 37 °C.
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enhances their penetration across the lipid membrane of the
cell, affecting the development and growth of bacterial cells.*’

To understand the role of the size and charge of the alkali
metal ion that coordinates to Eu((+)-tfac); in the antibacterial
activity, we carried out similar experiments with other com-
plexes containing Rb" and K' ions. Rb'[Eu((+)-tfac)y]~ and
K'[Eu((+)-tfac),]” complexes also showed high antibacterial
activity against Gram positive pathogens (Fig. S16 and S17,
ESIT). The complexes were highly selective to S. aureus, MRSA
and E. faecalis pathogens and feebly active against Gram
negative pathogens. These complexes exhibited around 70-
75% inhibition compared to the 88% inhibition showed by
Cs'[Eu((+)-tfac),]” against S. aureus. Thus, the results clearly
indicate a highly potent inhibitory activity for all the three
derivatives. These observations can be explained temporally in
terms of hard-soft theory developed by Pearson.>® The surface
of a bacterial cell contains soft ions like phosphoric acid and
carboxyl groups which can complex selectively with larger
cations and thus allow their facile penetration into the cell.
Bacteria such as S. aureus have been listed under highly
resistant pathogens by the WHO, and hence, the development
of effective antibacterial agents against such pathogens is
extremely important in tackling related ailments. Studies could
not be extended to Na'[Eu((+)-tfac),]” due to the low solubility.
Finally, the hemolytic activity of the most potent complex
Cs'[Eu((+)-tfac),]” was evaluated towards human red blood
cells. A hemolytic activity of 0.7 and 2.08% was observed at
25 and 50 UM concentrations, respectively (Fig. 7b). Hemolytic
activity below 10% is commonly recognized as a safe cut-off.>’
Hence, the complex Cs'[Eu((+)-tfac),]” is found to be non-
hemolytic and can be considered safe for humans.

Conclusions

In summary, we have synthesized a set of Eu(ur) complexes that
exhibit high luminescence quantum yield and CPL dissymmetry
both in the solution state and in solid films. The single-crystal
X-ray diffraction of the Cs'[Eu((+)-tfac),]~ complex revealed a novel
crystalline structure. The complexes on self-assembly formed chiral
nanostructures that exhibited remarkably high CPL activity, mak-
ing these materials potential candidates for application in chiral
optical devices. The most exciting feature with the complexes is
their high antibacterial activity towards Gram positive multidrug
resistant strains Staphylococcus aureus and Enterococcus faecalis,
some of which have been enlisted by the WHO as highly multidrug
resistant pathogens. Identification and characterization of such
novel molecules with application in infectious disease treatment is
the need of the hour. Hence, the developed molecules and materi-
als hold great prospects for future applications in diverse fields,
ranging from antimicrobial agents to security inks, bioimaging
agents and circularly polarized OLEDs.
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