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Message from the President and Secretary, ISRAPS

Dear ISRAPS members,
Warm greetings from the Executive Council of ISRAPS!

As we step into 2025, we extend our heartfelt wishes for a prosperous and successful New Year. This
is also an opportune moment to express our gratitude for your unwavering support and enthusiastic
participation in ISRAPS activities throughout the past year.

We are pleased to announce that one of ISRAPS’s flagship biennial events, the National Symposium
on Radiation and Photochemistry (NSRP), will be hosted at the National Institute of Science Education
and Research (NISER), Bhubaneswar, from January 23-25, 2025. To commemorate this occasion, the
ISRAPS Bulletin (NSRP-2025 Special Issue) will feature articles authored by eminent scientists invited to
the symposium. This special issue captures recent advancements in radiation and photochemistry and
reflects the collective expertise of our community. We extend our deepest thanks to Dr. Juby K. Ajish,
the Guest Editor, for her diligent efforts in editing this scientifically enriching bulletin, which includes
seven diverse articles highlighting cutting-edge techniques in radiation and photochemistry. We also
acknowledge the invaluable contributions of all authors who made this publication an informative and
engaging resource.

ISRAPS remains committed to fostering the dissemination of knowledge and promoting advanced
research in radiation and photochemistry and its interdisciplinary applications, including spectroscopy,
nanomaterials, atmospheric chemistry, supramolecular chemistry, radiation polymerization, radiation
biology, medicine, and more.

Continuing our tradition of advancing academic discourse, ISRAPS recently organized the Discussion
Meeting-Cum-One Day Symposium on “Spectroscopy Across Energy Domains: From Fundamentals to
Applications” on September 28, 2024, at the Department of Chemistry, IIT Hyderabad. The event was
graced by experts from leading research groups who delivered insightful talks. We express our sincere
thanks to all participants and extend special gratitude to Prof. Krishna Gavvala for his pivotal role in
ensuring the success of this meeting.

Once again, we deeply appreciate the constant support, encouragement, and active involvement of
all our members. Your contributions are vital to the success of ISRAPS initiatives. We look forward to
receiving your valuable suggestions and seeing your enthusiastic participation in our upcoming events.
Researchers are also kindly requested to become ISRAPS members and actively contribute to its growth.

Wishing you all an inspiring and productive year ahead!

Sincerely,

(Wi ll ‘

Dr. A.C. Bhasikuttan Dr. P. Mathi
President, ISRAPS Secretary, ISRAPS
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I am excited to present this special issue of the ISRAPS Bulletin, dedicated to “Advancements in
Radiation and Photochemistry for Sensor Development, Molecular Design, and Studying Reactor
Materials.” This issue celebrates the auspicious occasion of the biennial 16" National Symposium on
Radiation and Photochemistry (NSRP-2025), organized at the National Institute of Science Education
and Research (NISER) Bhubaneswar, Odisha, from January 23-25, 2025.

This edition, containing seven articles, brings together groundbreaking research and insights from
experts in the field, highlighting the pivotal role of radiation and photochemical processes in studies
of both condensed and gas phases, as well as enhancing our understanding and ability to innovate
within these critical areas.

In the realm of sensor development, photochemistry has paved the way for novel sensing
technologies that significantly improve the accuracy and efficiency of detecting various stimuli.
Meanwhile, advancements in molecular design have opened new avenues for creating customized
materials, such as carbon dots and rare earth phosphors, that respond intelligently to environmental
changes. Additionally, one of the articles discusses the study of reactor materials under radiation
exposure, which is crucial for ensuring the safety and efficiency of nuclear systems. This issue explores
the latest findings in this vital aspect of materials science. This bulletin features two articles on
colorimetric and fluorometric sensors, one on the application of carbon dots as photosensitizers, and
another on the design of defect-engineered intrinsic white light-emitting non-rare earth phosphors.
The remaining two articles focus on the conformational study of peptides and single-particle-level
studies of quantum dots.

As we delve into the contributions from our esteemed authors, we hope to inspire continued
exploration and collaboration within this dynamic intersection of disciplines. We invite you to
engage with the articles and reflect on the implications of these advancements for future research
and practical applications.

On behalf of ISRAPS, I sincerely acknowledge the cooperation of all the contributors, and we hope you
enjoy this enlightening edition. I also thank ISRAPS for entrusting this editorial responsibility to me.
Juby K Ajish (Guest Editor)

Radiation & Photochemistry Division

Bhabha Atomic Research Centre, Mumbai, INDIA

Juby K. Ajish joined the Bhabha Atomic Research Centre (BARC) in 2010 after graduating
from the 53" batch of the BARC Training School. She received her MSc from Calicut
University in 2008 and completed her Ph.D. at the Homi Bhabha National Institute in
Mumbai, India, in 2016. Her doctoral research focused on the “Synthesis and Study of
Carbohydrate-Based Hydrogels for Biomedical Applications”. Currently, Dr. Ajish is
engaged in several significant projects relevant to the Department of Atomic Energy (DAE),
alongside her directed research in the field of polymer chemistry. Her research interests
encompass the fabrication of plastic scintillators and thin films for radiation detection, the synthesis of
polymeric hydrogels for various biomedical applications, utilization of synthetic polymers and functionalized
naturalpolymers for targeted drug delivery, and synthesis and application of glycopolymers in lectin
recognition and bacterial detection.
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Probing conformational preferences of small peptides in condensed

and gas phase

S. Kumar?®, S. Mandal?, and A. Das*#
*Department of Chemistry, Indian Institute of Science Education and Research
Dr. Homi Bhabha Road, Pashan, Pune 411008, India
*(email: a.das@iiserpune.ac.in)

Abstract

Conformational preferences of peptides are governed by hydrogen-bonding interactions in
the backbone as well as specific amino acid residues present there. The three most important
conformations or secondary structures of peptides are helices, sheets, and turns. Among these,
turns play a unique role by reversing the direction of the polypeptide chains, facilitating diverse
folding patterns. While well-known hydrogen-bonded rings such as C6, C7, C10, C13, and C15 in the
peptide backbone are associated with , y, B, a, and 1 turns, respectively, the weaker intraresidue
C5 hydrogen bond, involving the N-H and carbonyl group of the same amino acid residue, has
received comparatively less attention. Here, we have reviewed our understanding of the intrinsic
conformational preferences of the C5 hydrogen bond in Z-Gly-Pro-OH dipeptide using gas phase
spectroscopic techniques and quantum chemical calculations. Our findings reveal that the global
minimum conformer observed in the experiment is stabilized by a weak intraresidue C5 hydrogen
bond, while another higher energy observed conformer is folded through an OH.--11 interaction.
To further investigate the sequence-dependent effects on peptide conformations, we examined
the model systems Boc-Gly-"Pro-NHBn-OMe and Boc-PPro-Gly-NHBn-OMe through NMR, FTIR,
X-ray crystallography, and gas phase laser spectroscopy. Gas-phase spectroscopy identified three
conformers for Boc-Gly-"Pro-NHBn-OMe and two conformers for Boc-"Pro-Gly-NHBn-OMe, while
a dependence of the folding motifs of the two peptides with the change in the sequence is clearly
observed. A similar result was observed from the condensed phase studies. This review signifies
the critical role of backbone hydrogen bonds and sequence of residues in stabilizing specific peptide
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structures important for protein folding.

1. Introduction

Secondary structures of peptides or proteins
generally provide the local folding pattern
along the polypeptide chain.' Based on their
hydrogen bonding network between the N-H
and the carbonyl groups, secondary structures
can be broadly classified as sheets, helices, and
turns.*® Turns are one of the unique secondary
structures as they are involved in the reversal
of the direction of the polypeptide chain, which
contributes to the specific folded structures of
the proteins.’

Turns are classified into y, B, a, and 1 types
based on the inter-residue interactions between
the backbone N-H and carbonyl groups of

thei—»i+2,i—-i+3i—oi+4andi—>i+5
residues, respectively. y, f, a, and m types of turns
result to the formation of C7, C10, C13, and C15
hydrogen-bonded rings, respectively.>® Although
less explored in the literature, a relatively weak
intraresidue C5 hydrogen bond does exist
when the N-H and carbonyl groups of the same
amino acid residue interact between each other.’
C5 hydrogen bonds are generally present in
the B-strand or B-sheet structures of proteins.
Although not named C5 hydrogen bond, Nyquist
used IR spectroscopy in the solution phase to
show that the trans conformer of N-alkyl a-halo/
alkoxy acetamides is more stabilized compared
to the cis conformer due to the formation of
a five-membered hydrogen-bonded ring."
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Observation of C5 hydrogen bonds in small
peptides containing Glycine such as Z-Gly-OH,
Gly-Gly, and Ac-Gly-Phe-NH, using gas phase
laser spectroscopy was reported in the literature.™
Raines and co-workers demonstrated from their
extensive Protein Data Bank (PDB) analysis that
94% of proteins contain C5 hydrogen bonds.
They found that the s-type lone pair present on
the carbonyl oxygen of the amide backbone in
the p-sheet structures overlaps with the o* orbital
of the N-H group, while the other p-type lone
pair on the C=0 oxygen interacts with the N-H
group of the same residue forming a constrained
C5 hydrogen bond.

The intrinsic property of peptides to form
a particular secondary structure depends not
only on specific amino acid residues but also on
their particular sequences. Amino acids such
as Gly, Pro, Asn, and Asp are found to have a
higher propensity to form B-turns than helices
and P-sheets.? It is also reported that the Pro-
Gly sequence has a higher propensity to form
B-turn conformation in proteins compared to
the Gly-Pro sequence. On the other hand, Gly-
Pro sequence is reported to prefer an extended
polyproline type-II or B-strand conformation."***
B-turn conformation is also important for sites
of enzymatic reactions, effective peptide-based
drug design, peptidomimetics, catalysis, and
self-assembly.'®

Secondary structures of polypeptides are
generally determined by investigating protected
small peptides through FTIR (Fourier-transform
infrared), 2D-NMR (nuclear magnetic resonance),
and CD (circular dichroism) spectroscopy as
well as X-ray crystallography.'”?' Gas phase
spectroscopic techniques are also exploited to
elucidate the intrinsic structures of small peptides
in the absence of any solvent.”? Scheraga and co-
workers have demonstrated through FTIR, CD,
and temperature-dependent NMR spectroscopy
that the dominant conformer of Pro-Gly peptides
has B-turn structures in the solution phase, while
the Gly-Pro peptides prefer B-strand or extended
polyproline II type structures." Balram and co-
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workers have shown that in the crystals of hexa-
to-decapeptides, PPro-Gly moiety forms a type II
B-turn resulting in the B-hairpin conformation.-*
Gellman and coworkers have also demonstrated
that PPro-Gly sequence is very effective for the
formation of the type II' f-turn that is a mandatory
requirement for the B-hairpin formation.*!

Here, we have presented a brief review of our
understanding of the conformational preferences
of several dipeptides containing Gly and Pro
residues using several gas phase spectroscopic
techniques, FTIR and 2D-NMR spectroscopy,
X-ray crystallography, and quantum chemistry
calculations. In the case of Z-Gly-Pro-OH
(Z=benzyloxycarbonyl), we have explored the
intrinsic conformational preferences of this
dipeptide through gas phase laser spectroscopy
and quantum chemical calculations. We have
observed multiple conformers of this peptide
in the gas phase experiment and demonstrated
the importance of the weak intraresidue C5
hydrogen bond in stabilizing the global minimum
conformer of the peptide. In the Z-Gly-Pro-
OH peptide, both the N- and C- terminals
were not capped. We further investigated the
secondary structures of the capped dipeptides
Boc-Gly-PPro-NHBn-OMe and Boc-PPro-Gly-
NHBn-OMe by changing the sequence. Here,
we studied sequence-dependent folding motifs
of these two peptides employing 2D-NMR and
FTIR spectroscopy, X-ray crystallography, and
gas phase laser spectroscopy combined with
quantum chemistry calculations. A schematic
diagram of the chemical structures of all the
peptides discussed in this paper is shown in
Figure 1.

2. Methods
Experimental

The Z-Gly-Pro-OH was purchased from
Sigma Aldrich, while other two peptides were
synthesized according to the method reported
earlier in the literature.?? Standard characterization
methods such as TH NMR and HRMS are
reported elsewhere.®® NMR and IR spectra of
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capped dipeptides in dilute CDCI3 solution
(Boc-DPro-Gly-NHBn-OMe and Boc-Gly-DPro-
NHBn-OMe) were recorded using a standard
FTIR-Bruker Vertex 70 spectrometer and 400 MHz
NMR (Bruker-400) spectrometer, respectively. An
APEX(II) DUO CCD diffractometer was used to
get the crystal structure of the peptide.

A home-built laser desorption Time of
Flight (TOF) mass spectrometer, described
in detail elsewhere, was used to record
the mass-selected conformation-specific
electronic, and IR spectra of the peptides and
other molecules in the gas phase.** Here,
a very brief description of the experimental
setup and spectroscopic techniques are
provided. In the case of Z-Gly-Pro-OH, a
solid pellet of 2 mm thickness and 12 mm

Vol. 37, Issue Number 1 & 2
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diameter was made by mixing graphite and
a sample and pressing in a hydraulic press
(about 3 tons of pressure). After cutting
through the center, one of the semicircular
halves was mounted onto a sample holder
connected to an XYZ manipulator allowing
translation along the Z-axis. Desorption of
Z-Gly-Pro-OH was done by focusing a 532
nm laser beam (500 pJ/pulse) from an Nd:
YAG laser (Continuum, Minilite-I, 10 Hz,
10 ns) through an optical fiber (400 pm core
diameter) onto the solid pellet.’** In the case
of the capped peptides Boc-"Pro-Gly-NHBn-
OMe and Boc-Gly-°"Pro-NHBn-OMe, the
solid pellet was placed onto a rotating sample
holder. A supersonically expanded Ar carrier
gas was seeded into the desorbed peptide

10 20 19
(a) o
2 . Qj\ 0,13 v, 16 9 )18
3 o) N 14 17
1 8 1 | v, /H 24
4 O o)
S 22
Z-Gly-Pro-OH
CH; _ O 0 H o . .0k
YA ¢ svi | 7 @iVell 10in e 13
(b) H3C—C—0->C—N—>H,C—=>C—N—7—=C—N-=-CH, 0—CHj3
l S 6 | 157 18 19
CH3 H H 17 16
Boc-Gly-"Pro-NHBn-OMe
13 14
CH o) T o) :
PRER| ¥ 5'/:’ Il 192 5 V|| 107211 4 13
H3C—C—0—=-C—N—=;—=C—N—>-CH,3C—N--CH, 0—CH;
(c) | 3 6 s 15 18 19
CH; Ga s H H T 16
Boc-"Pro-Gly-NHBn-OMe

Figure. 1. (a), (b), and (c) Chemical structures of Z-Gly-Pro-OH, Boc-Gly-PPro-NHBn-OMe, and Boc-
PPro-Gly-NHBn-OMe peptides. Reproduced from ref. 33 and 34 with permission from [American Institute
of Physics], Copyright [2019], and [Royal Society of Chemistry], copyright [2022], respectively.
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molecules. The second harmonic output
(0.2-0.3 mJ) of a tunable dye laser (ND6000,
Continuum) pumped by frequency-doubled
output of an Nd: YAG laser (10 nanoseconds,
10 Hz, Surelite 1I-10, Continuum) was
scanned to measure the electronic spectrum
of the peptide using resonant two-photon
ionization (R2PI) technique. Discrimination
of the presence of different conformers of
the peptides was done by using UV-UV*
# and IR-UV hole-burning spectroscopy®
, while conformation specific IR spectra
were measured by resonant ion-dip infrared
spectroscopy (RIDIRS)* .

Computational

A diverse set of conformers for Z-Gly-Pro-
OH was generated using the Dreiding force
field*?, as implemented in the MarvinSketch
software.” Geometry optimization and
frequency calculations for conformers within
40 kJ/mol of the global minimum structure
were performed using the Gaussian 09
software package.* Various levels of DFT
theory were employed, including MO05-
2X/6-31+G(d), ®B97X-D/6-31++G(d,p),
®B97X-D/6-311++G(d,p), and M06-2X/ 6-
311++G(d,p). The N-H and O-H stretching
frequencies of the theoretically calculated
conformers were scaled relative to previously
reported data for Z-Gly-OH.

For the capped peptides Boc-°"Pro-Gly-
NHBn-OMe and Boc-Gly-"Pro-NHBn-OMe,
hundreds of conformers were generated using
the CONFLEX program with the MMFF94 force
field.*> *> % Conformers were grouped based on
structural similarity and energy differences within
0.4 kJ/mol. Only the lowest-energy conformer
from each group was selected for subsequent
geometry and frequency optimization using the
same Gaussian 09 and Gaussian 16 software.**
Additional unique conformers were manually
generated by rotating specific dihedral angles
to introduce distinctive C7 hydrogen bonds
and variations in the orientation of the benzyl
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and methoxy groups. Significant numbers of
conformers (50-70) were analyzed at different
levels of theory, including M05-2X/6-31+G(d),
B3LYP-D3/def2-TZVPP, ®B97X-D/ def2-TZVPP,
and B97-D3/def2-TZVPP. Redundant structures
were discarded, and conformers within a 12 kJ/
mol energy range were further optimized at the
MO06-2X/6-311++G(2d,2p) level of theory.

3. Results and Discussion

Z-Gly-Pro-OH: C5 hydrogen bond as a
sole stabilizing interaction of the peptide
backbone

Gas phase electronic and IR spectroscopy
techniques combined with quantum chemistry
calculations have been employed to explore the
C5 hydrogen bonds as stabilizing interactions
of the peptide backbone. Electronic spectrum of
Z-Gly-Pro-OH measured in the SO-51 region of the
chromophore (Z-cap) using 1C-R2PI spectroscopy
is presented in Figure 2(a). 33 Several sharp bands

o
@
-
~ i
“
-

(c)

T —
37450 37500 37550 37600
Wavenumber (cm )

Figure. 2. (a) Electronic spectrum of Z-Gly-Pro-OH
recorded using the 1C-R2PI spectroscopic technique.
(b, ¢) IR-UV hole-burning spectra of Z-Gly-Pro-OH
obtained by fixing the IR laser to 3457 cm™ and 3450
cml, respectively. The band marked with an asterisk
(37596 cm™) and the weak, broad feature on its red
side did not produce any IR spectra or hole-burning
signals. Reproduced from ref. 33 with permission from
[American Institute of Physics], Copyright [2019].
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are present in the electronic spectrum of Z-Gly-
Pro-OH. Conformer-specific IR-UV hole-burning
spectroscopy has been performed to determine
the number of conformers contributing to all
the bands observed in the electronic spectrum.
Figures 2(b) and 2(c) display the IR-UV hole-
burning spectra recorded by setting the IR laser to
the N—-H stretching frequencies of 3457 cm™ and
3450 cm™, respectively, for Z-Gly-Pro-OH, while
scanning the UV laser across the R2PI spectrum.
The N-H stretching frequencies of 3457 cm™

Vol. 37, Issue Number 1 & 2

January, 2025

and 3450 cm™ are determined by fixing the UV
laser at the 37465 cm™ and 37602 cm™ bands,
respectively, in the electronic spectrum [Fig. 2(a)],
using RIDIR spectroscopy as shown in Figure 3.

The hole-burning spectrum depicted in
Figure 2(b) shows the depletion of the A °, A "+
46, and A "+ 87 cm™ bands, which are assigned
as conformer A. In contrast, the hole-burning
spectrum displayed in Figure 2(c) shows
the depletion of only the B band termed as

(a) Conformer A
~ w
wn .-
3 X
' .
r -
e|2 3= Fl-
(b) e g m| O AGye| =6.05 o AG"I =6.05 kJ/mol
N Fi1-nt
(c) Conformer B
) “’J': *
T2 Ol
Z|3 E1-C5 A E: AG,,, =0.00 kJ/mol
(d) & AGre| =0.00 - E1-C5
T
o 512 Ty
= 3 o |©
w| & E2-C5 o | ) C5
(e) © AGre| =0.97 w | ’
L L) ] L) l L) L\l L) L) L) l L) ) A L) ) l ) L L\l Ll L I 1 L L) )
J J
3450 3500 35-510 3600 AG,, =0.97 ki/mol
Wavenumber (cm ) E2-C5

Figure. 3. (a) and (c) Experimental IR spectra of different conformers of Z-Gly-Pro-OH obtained using RIDIR
spectroscopy, with the UV laser fixed at 37465 cm™ and 37602 cm™, respectively. (), (d), (e) Scaled theoretical
IR spectra of various conformers of Z-Gly-Pro-OH, along with their relative Gibbs free energy (AGrel, in kJ/
mol) values, calculated at the wB97X-D/6-31++G(d,p) level of theory. The N-H and O-H stretching frequencies
were scaled using factors of 0.944 and 0.933, respectively (see text for details). Reproduced from ref. 33 with
permission from [American Institute of Physics], Copyright [2019].
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conformer B. The band marked by an asterisk
and a neighboring very broad feature in the
electronic spectrum [Figure 2(a)] of Z-Gly-Pro-
OH are insensitive in both the hole-burning
spectra, and those bands could not provide also
any IR spectrum. Hence, those electronic bands
are unassigned.

The IR spectra of the conformers A and B
of Z-Gly-Pro-OH in the N-H and O-H stretching
region obtained by fixing the UV lasers at their
respective origin bands are provided in Figure
3(a) and 3(c), respectively. It can be noticed in
Figure 3 that the theoretical IR spectra of the
global minimum conformer E1-C5 [Figure 3(d)]
and the next higher energy conformer E2-C5
[Figure 3(e)] of Z-Gly-Pro-OH calculated at the
®B97X-D/6-31++G(d,p) level of theory match
very well with the experimental IR spectrum of
the conformer B provided in Figure 3(c). Hence,
the most stable conformer of Z-Gly-Pro-OH
observed in the experiment has an extended C5
hydrogen bonded structure. Conformer B could
not be assigned to a single conformer as both
theoretical conformers E1-C5 (AG_, = 0.0 k] /mol)
and E2-C5 (AG,_, = 0.97 k] /mol) are isoenergetic
and have similar structures. This means either
of them is observed experimentally. The bands
at 3450 and 3577 cm™ in the IR spectrum of
conformer B [Figure 3(c)] are assigned as C5
hydrogen bonded N-H and free O-H stretching
frequencies, respectively. The experimental IR
spectrum of conformer A [Figure 3(a)] has a very
good match with the theoretical IR spectrum
of the conformer F1-n [Figure 3(b)], which is
higher in energy by 6.05 kJ/mol with respect
to the global minimum conformer. The F1-n
conformer is folded through O-H---n hydrogen
bonding interaction between the carboxylic OH
group and phenyl ring in Z-Gly-Pro-OH. The
3515 and 3457 cm™ IR bands of conformer A are
assigned to the n-hydrogen bonded OH and free
NH stretching frequencies, respectively, of Z-Gly-
Pro-OH. The n-hydrogen bonded OH stretching
frequency in conformer A is red-shifted by 62 cm™
with respect to the free OH frequency of the C5
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conformer. On the other hand, the NH frequency
of the C5 conformer is red-shifted by 7 cm™ in
comparison to the free NH stretching frequency
of the F1-n conformer. It is noteworthy that the
extended C5 conformer is more stable than the
folded F1-n conformer, most likely due to the
larger entropic contribution to the former one.
Hence, the spectroscopic studies of the Z-Gly-
Pro-OH peptide demonstrate that the most stable
conformer of a peptide can be stabilized solely
due to the weak intraresidue C5 hydrogen bonds.

Boc-Gly-"Pro-NHBn-OMe vs Boc-"Pro-Gly-
NHBn-OMe: Sequence dependent folding
motifs of the peptides

Sequence dependent folding motifs
of protected dipeptides have been explored
using mass-selected electronic and vibrational
spectroscopy, quantum chemistry calculations,
2D-NMR spectroscopy, and X-ray crystallography.

The electronic spectrum of Boc-Gly-°Pro-
NHBn-OMe, recorded using the 1C-R2PI
technique, is displayed in Figure 4(a). This
spectrum reveals numerous sharp bands in the
35250-35600 cm™ region. Figures 4(b-d) show
UV-UV hole-burning spectra corresponding
to the electronic bands marked as A °, B, and
C,", respectively, in Figure 4(a). The experiment

(a} A

I

»»»————mwwmwmw

D e e e
(d}
P Pty by Wy Pt st s et ap g O et
— — T — T —T
35300 35400 A5500 35600

Wavenumber {em”)

Figure. 4. (a) Electronic spectrum of Boc-Gly-PPro-
NHBn-OMe recorded using the 1C-R2PI spectroscopic
technique. (b-d) UV-UV hole-burning spectra of Boc-Gly-
PPro-NHBn-OMe obtained by fixing the pump UV laser
at 35416, 35276, and 35267 cm’?, respectively. Reproduced
from ref. 34 with permission from [Royal Society of
Chemistry], copyright [2022].
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Figure. 5. (1-c) Gas-phase IR spectra of conformers A, B, and C of Boc-Gly-°Pro-NHBn-OMe in the N-H stretching region,
measured using RIDIR spectroscopy. (d-h) Scaled theoretical IR spectra of the conformers GP1-C5-C7,, _, GP2-C5-C7,

, GP3-C5-C7, _, GP4-C5-C7,, _, and GP5-C5-C7,, _

, respectively, calculated at the M06—2X/5:311++G(2d,2p)

Jevel of theory. The theoretical harmonic N-H stretching ﬁequencies of all conformers were scaled using a scaling factor
0f 0.948. (i) Solution-phase IR spectrum of Boc-Gly-"Pro-NHBn-OMe in the N-H stretching region, measured in CDCI,
solvent. Reproduced from ref. 34 with permission from [Royal Society of Chemistry], copyright [2022].

identifies three conformers of the peptide, with
the origin bands A °, B °, and C ’located at 35416
cm™, 35276 cm™, and 35267 cm™, respectively.
The IR spectra of Boc-Gly-"Pro-NHBn-OMe
recorded in the N-H stretching region using
RIDIR spectroscopy and theoretically calculated
scaled IR spectra of low energy conformers of the
peptide are shown in Figure 5. The IR spectra of
the conformers A, B, and C reported in Figure
5 (a-c), respectively, have been recorded by
fixing the UV laser at the ,, and bands of the
electronic spectrum (Figure 4a) and scanning
the IR laser in the region of N-H stretching
frequency. Figure 5(d-h) represents the scaled
theoretical stick diagram of five low-energy
conformers of the peptide with the highest energy
conformer of energy 1.67 k] /mol with respect to
the global minimum calculated at the M06-2X/ 6-
311++G(2d,2p) level of theory. Experimentally

observed three conformers could not be directly
assigned to a particular theoretical structure as
all the five low energy conformers have similar
energies and frequencies. However, all the five
theoretical structures have C5-C7 backbone.
Hence, it could be concluded that all the three
observed conformers of Boc-Gly-"Pro-NHBn-
OMe have C5-C7 folding motif with the Glycine
N-H forming an intraresidue C5 hydrogen bond
and the NHBn N-H involving in the C7 hydrogen
bond with the Glycine C=0O group.

The bands in the 3437-3450 cm™ region in the
experimental IR spectra of the three conformers
are assigned to the C5 hydrogen bonded Gly N-H,
while the IR band in the 3313-3324 cm™ region
in the spectra correspond to the C7 hydrogen
bonded NHBn group. The solution phase IR
spectrum of Boc-Gly-"Pro-NHBn-OMe recorded
in CDCI, has been shown in Figure 5(i). It is
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anticipated to have broad IR bands in the solution
phase FTIR spectrum, and hence, the presence
of multiple conformers of the peptide cannot be
identified there, unlike the gas phase spectrum.
However, the peak positions of the two broad
bands at 3324 and 3435 cm™ in the FTIR spectrum
are quite similar to the ones observed in the gas
phase.

The electronic and IR-UV hole-burning
spectra of Boc-PPro-Gly-NHBn-OMe are
presented in Figure 6. Several sharp peaks are
found in the electronic spectrum of Boc-"Pro-Gly-
NHBn-OMe shown in Figure 6(a). Figures 6(b)
and (c) display the IR-UV hole-burning spectra of
the Pro-Gly peptide obtained by fixing the IR laser
at the glycine N-H frequency of the conformers A
(3411 cm™) and B (3391 cm™), respectively. Two
conformers (A and B) of the peptide are identified
from the hole-burning spectra.

The IR spectra of the two conformers of
Boc-PPro-Gly-NHBn-OMe recorded using RIDIR
spectroscopy have been shown in Figure 7. A
comparison between the experimental N-H
stretching frequencies (Figures 7a and c) with the
scaled theoretical IR spectra (Figures 7b and d)

()

}5350 35400 35450 35500

Wavenumber (cm )

Figure. 6. (a) Electronic spectrum of Boc-°Pro-Gly-
NHBn-OMe recorded using the 1C-R2PI spectroscopic
technique. (b, c¢) IR-UV hole-burning spectra of Boc-
PPro-Gly-NHBn-OMe obtained by fixing the pump IR
laser at the N-H stretching frequencies of 3346 cm™
and 3365 cm™, respectively. Reproduced from ref. 34
with permission from [Royal Society of Chemistry],
copyright [2022].
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calculated at the M06-2X/6-311++G(2d,2p) level
of theory suggests that both the conformers have
C7,-C7, structure. The only structural difference
of the two observed conformers is about the cis
and trans orientation of the -OMe group of the
phenyl ring. The 3346 and 3365 cm™ bands in
the two experimental IR spectra are assigned
to the C7 hydrogen bonded Gly N-H, while the
3391 and 3411 cm™ bands are assigned to the C7
hydrogen bonded NHBn N-H group of the two
observed conformers.

The FTIR spectrum of the Boc-PPro-Gly-
NHBn-OMe peptide depicted in Figure 7e shows
two broad peaks centered at 3336 and 3436 cm™.
Although the gas phase IR spectra indicate the
absence of the C10 conformer of the Pro-Gly
peptide, slightly different FTIR spectrum of the
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Figure. 7. (a and c) Gas-phase IR spectra of
conformers A and B of Boc-"Pro-Gly-NHBn-OMe
in the N-H stretching region, measured using
RIDIR spectroscopy. (b, d) Scaled theoretical IR
spectra of conformers PG1-C7,~C7, . and PG2-
C7,-C7, ., respectively, calculatedgat the MO6-
2X/6 311++G(2d 2p) level of theory. The theoretical
harmonic N-H stretching frequencies were scaled
using a scaling factor of 0.948. (e) Solution-phase
IR spectrum of Boc-"Pro-Gly-NHBn-OMe in the
N-H stretching region, measured in CDCI, solvent.
Reproduced from ref. 34 with permission from [Royal
Society of Chemistry], copyright [2022].
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peptide qualitatively hints towards the presence
of the C10 conformer or both C7-C7 and C10
conformers in the solution phase.

To accurately determine the structure of
both Gly-Pro and Pro-Gly peptides in the solution
phase, we have recorded 2D-NMR spectra of
Boc-Gly-PPro-NHBn-OMe and Boc-PPro-Gly-
NHBn-OMe in CDCI, solution. Figure 8 shows
the partial ROESY (Rotating Frame Overhauser
Effect Spectroscopy) spectra of both the peptides
in the CDCI, solution recorded using a 400 MHz
NMR spectrometer. Correlations between various

Vol. 37, Issue Number 1 & 2
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protons obtained from the ROESY spectrum aid
in the prediction of the 3D conformation of the
peptides in solution phase. Cross-correlation
between glycine (3.92 ppm) and proline CH, (3.39
ppm) protons of the Gly-Pro peptide shown in
Figure 8(a) suggests that Glycine N-H is involved
in a weak intraresidue C5 hydrogen bond
whereas NHBn N-H is involved in C7 hydrogen
bond with the carbonyl group of glycine residue.

The partial ROESY spectrum of Boc-
PPro-Gly-NHBn-OMe provided in Figure 8(b)
shows cross-correlations between Gly,, (6.93
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Figure. 8. Partial ROESY spectra of (a) Boc-Gly-PPro-NHBn-OMe and (b) Boc-°Pro-Gly-NHBn-OMe,
recorded in CDCI, solvent. Reproduced from ref. 34 with permission from [Royal Society of Chemistry],

copyright [2022].
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ppm) and Gly,,, (3.90, 4.00 ppm) protons along
with cross-correlations between Gly, (6.93
ppm) and Proa.,, (4.20 ppm) protons. The C10
structure shown in Figure 8b matches with cross-
correlations between various protons obtained
from the 2D-NMR spectrum. Hence, 2D-NMR
spectroscopy demonstrates that Pro-Gly peptide
prefers a C10 structure in the solution phase

Figure. 9. ORTEP diagram of the crystal structure
of Boc-Gly-"Pro-NHBn-OMe, with thermal ellipsoids
shown at the 50% probability level. For clarity, only
the N-H hydrogen atoms are included. Reproduced
from ref. 34 with permission from [Royal Society of
Chemistry], copyright [2022].
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whereas the observed structure in the gas phase
is C7-C7.

This suggests that solvent plays an important
role in the stabilization of the C10 structure in the
solution phase whereas the gas phase is free of
any external perturbations.

Furthermore, we attempted to determine
the structures of the two dipeptides in the solid-
state using X-ray crystallography, but we got
the crystal structure of only the Gly-Pro peptide.
The crystal structure of Boc-Gly-"Pro-NHBn-
OMe was obtained by a slow evaporation of
the peptide dissolved mixed solvent of ethyl
acetate and n-hexane over a period of couple
of days. Single crystal XRD of Boc-Gly-PPro-
NHBn-OMe was obtained using APEX(II) DUO
CCD diffractometer. A good quality crystal, fit
for diffraction could not be obtained for Boc-
PPro-Gly-NHBn-OMe. The crystal structure of
Boc-Gly-"Pro-NHBn-OMe has been shown in

Table 1. Ramachandran angles and other important geometrical parameters of one of the
observed structures of the Gly-Pro and Pro-Gly peptides in the gas phase along with the crystal
structure of Gly-Pro

Geometrical Gly-Pro Pro-Gly
parameters Crystal Gas phase structure Gas phase structure
structure (GP1-C5-C7_-g"-c) (PG1-C7_-C7_-g*-c)
o, (°) 150 -155 86
v, (%) -177 174 -64
o, (°) -79 84 -80
v, (°) 143 -72 72
%, (%) -167 178 176
%, (%) -99 -68 86
% (%) 9 -2 -1
C5 H-bond distance (pm) 243 215 -
C5 H-bond angle (°) 99 106 -
C7 (1*) H-bond distance (pm) 376 198 196
C7 (1*) H-bond angle (°) 85 148 149
C7 (2n) H-bond distance (pm) - - 203
C7 (2~) H-bond angle (°) - - 145

10
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Figure 9. The crystal structure of the Gly-Pro
peptide has a similar extended structure with
C5-C7 interaction to the one observed in the gas
phase and solution phase.

Table 1 shows the Ramachandran angles
and other important geometrical parameters of
one of the observed structures of the Gly-Pro and
Pro-Gly peptides in the gas phase along with
the crystal structure of Gly-Pro. We find that
the j, y; and j, values of the crystal structure of
Boc-Gly-"Pro-NHBn-OMe match well with the
corresponding gas phase observed structures,
while y, deviates significantly. This change in y,
between the gas phase and crystal structures may
arise due to the crystal packing which includes
intermolecular interactions between multiple
units. Hence, the extended p-strand structure
of Gly-Pro is maintained throughout solution,
crystal, and gas phase with slight variations in
some dihedral angles. The Ramachandran angles
of the observed C7-C7 gas phase structure of
the Pro-Gly peptide listed in Table 1 are at par
with those for the C7 backbone reported in the
literature.*

4. Conclusions

Gas phase laser spectroscopic techniques
such as R2PI, RIDIR, and IR-UV hole-
burning spectroscopy along with quantum
chemical calculations are used to explore the
conformational landscape of Z-Gly-Pro-OH.
The most stable conformer out of the two
observed conformers is found to have an
extended B-strand structure stabilized solely
by a weak intraresidue C5 hydrogen bond.
Another experimentally observed conformer
in the gas phase was found to have a folded
structure stabilized by O-H:--i1 interaction.

Sequence-dependent folding motifs
of Boc-Gly-PPro-NHBn-OMe and Boc-
PPro-Gly-NHBn-OMe peptides are
investigated using gas phase electronic and
IR spectroscopy combined with quantum
chemistry calculations, solution phase
FTIR, and 2D-NMR spectroscopy and

Vol. 37, Issue Number 1 & 2
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X-ray crystallography. The gas-phase low-
energy conformers of Boc-Gly-"Pro-NHBn-
OMe exhibit extended P-strand or PP-II
structures with C5 and C7 hydrogen-bonded
rings, mirroring solution-phase and solid-
state structures observed via FTIR, NMR,
and XRD. For the Pro-Gly peptide, gas-
phase conformers show C7-C7 (2 -ribbon)
structures, while solution-phase NMR and
FTIR indicate a C10 (pB-turn) structure, likely
influenced by solvent presence. This study
highlights the transition from an extended
B-strand in Gly-Pro to a p-turn in Pro-Gly
and underscores the complementary insights
gained from gas-phase, solution-phase, and
solid-state analyses in understanding peptide
folding motifs.

5. Acknowledgments

The authors express their gratitude to
the Science and Engineering Research Board
(SERB), India (Grant Nos. CRG/2020/002696,
EMR/2015/000486, SR/S1/PC/0054/2010)
for partially funding this research. They also
gratefully acknowledge the financial support
provided by IISER Pune. The computational
resources and support from the ' PARAM Brahma
Facility” under the National Supercomputing
Mission, Government of India, at IISER Pune are
deeply appreciated. The authors thank Prof. H. N.
Gopi of IISER Pune for his valuable discussions
on the results presented in this manuscript. The
authors also acknowledge all the members of the
group and collaborators who have contributed
to this research. Additionally, they extend their
thanks to Dr. Sayan Bagchi of the National
Chemical Laboratory, Pune, for facilitating the
measurement of solution-phase IR spectra using
the FTIR spectrometer in his laboratory.

6. References

1. H. A.Scheraga, Pure Appl. Chem., 1973, 36, 1-8.

2. K. C. Chou, Anal. Biochem., 2000, 286, 1-16.

3. D. L. Nelson and M. M. Cox, Lehninger Principles of
Biochemistry, W. H. Freeman and Comapny Ltd, New York,
USA, Fifth edn., 2008.

E. Vass, M. Hollosi, F. Besson and R. Buchet, Chem. Rev.,
2003, 103, 1917-1954.



ISRAPS Bulletin

10.
11.
12.
13.
14.

15.
16.

17.
18.
19.
20.
21.
22.

23.

24.

25.

26.
27.
28.
29.
30.
31.

32.
33.

J. M. Berg, J. L. Tymoczko and L. Stryer, Biochemistry, W.
H. Freeman, New York, 5th edn., 2002.

L. Pauling, R. B. Corey and H. R. Branson, Proc. Natl. Acad.
Sci. U. S. A., 1951, 37, 205-211.

G. D. Rose, L. M. Glerasch and J. A. Smith, in Adv. Protein
Chem., eds. C. B. Anfinsen, ]. T. Edsall and F. M. Richards,
Academic Press, 1985, vol. 37, pp. 1-109.

J. K. Myers and C. N. Pace, Biophys. ]., 1996, 71, 2033-2039.
R. W. Newberry and R. T. Raines, Nat. Chem. Biol., 2016,
12, 1084.

R. A. Nyquist, Spectrochim. Acta, 1963, 19, 509-519.

V. Yatsyna, R. Mallat, T. Gorn, M. Schmitt, R. Feifel, A. M.
Rijs and V. Zhaunerchyk, J. Phys. Chem. A, 2019, 123, 862-
872.

P.N. Lewis, F. A. Momany and H. A. Scheraga, Proc. Natl.
Acad. Sci. U. S. A., 1971, 68, 2293.

S. S. Zimmerman, L. L. Shipman and H. A. Scheraga, |.
Phys. Chem., 1977, 81, 614-619.

E. R. Stimson, S. S. Zimmerman and H. A. Scheraga,
Macromolecules, 1977, 10, 1049-1060.

C. M. Venkatachalam, Biopolymers, 1968, 6, 1425-1436.
S.K. Brahmachari and V. S. Ananthanarayanan, Proc. Natl.
Acad. Sci. U. S. A., 1979, 76, 5119-5123.

H. E. Stanger and S. H. Gellman, J. Am. Chem. Soc., 1998,
120, 4236-4237.

S. Rao Raghothama, S. Kumar Awasthi and P. Balaram, J.
Chem. Soc., Perkin Trans. 2, 1998, 137-144.

R. Mahalakshmi, S. Raghothama and P. Balaram, ]. Am.
Chem. Soc., 2006, 128, 1125-1138.

A.Ravi, B. V. V. Prasad and P. Balaram, ]. Am. Chem. Soc.,
1983, 105, 105-109.

T.S.Haque, J. C. Little and S. H. Gellman, J. Am. Chem. Soc.,
1996, 118, 6975-6985.

E. Gloaguen, M. Mons, K. Schwing and M. Gerhards, Chem.
Rewv., 2020, 120, 12490-12562.

E. Gloaguen and M. Mons, in Gas-Phase IR Spectroscopy
and Structure of Biological Molecules, eds. A. M. Rijs and
J. Oomens, Springer International Publishing, Cham,
Switzerland, 2015, pp. 225-270.

P.S. Walsh, K. N. Blodgett, C. McBurney, S. H. Gellman and
T.S. Zwier, Angew. Chem. Int. Ed., 2016, 55, 14618-14622.
W. Chin, I. Compagnon, J. P. Dognon, C. Canuel, F. Piuzzi,
I. Dimicoli, G. von Helden, G. Meijer and M. Mons, J. Am.
Chem. Soc., 2005, 127, 1388-1389.

W. Chin, ]J. P. Dognon, F. Piuzzi, B. Tardivel, I. Dimicoli
and M. Mons, |. Am. Chem. Soc., 2005, 127, 707-712.

I. Karle, H. N. Gopi and P. Balaram, Proc. Natl. Acad. Sci.
U. S. A., 2002, 99, 5160-5164.

S. Aravinda, V. V. Harini, N. Shamala, C. Das and P.
Balaram, Biochemistry, 2004, 43, 1832-1846.

I. L. Karle, S. K. Awasthi and P. Balaram, Proc. Natl. Acad.
Sci. U. S. A., 1996, 93, 8189.

I. L. Karle, C. Das and P. Balaram, Proc. Natl. Acad. Sci. U.
S. A., 2000, 97, 3034.

T.S.Haque and S. H. Gellman, J. Am. Chem. Soc.,1997,119,
2303-2304.

I. Haym and M. A. Brimble, Synlett, 2009, 2315-2319.

S. Kumar, K. K. Mishra, S. K. Singh, K. Borish, S. Dey, B.
Sarkar and A. Das, ]. Chem. Phys., 2019, 151, 104309.

12

Vol. 37, Issue Number 1 & 2

34.
35.
36.
37.
38.
39.
40.
41.
42.
43.

44.

45.
46.

47.

48.

January, 2025

S. Kumar, K. Borish, S. Dey, J. Nagesh and A. Das, Phys.
Chem. Chem. Phys., 2022, 24, 18408-18418.

S. Kumar, P. Biswas, I. Kaul and A. Das, |. Phys. Chem. A,
2011, 115, 7461-7472.

S. K. Singh, S. More, S. Kumar, K. K. Mishra, K. N. Ganesh
and A. Das, Phys. Chem. Chem. Phys., 2019, 21, 4755-4762.
S. K. Singh, P. R. Joshi, R. A. Shaw, ]. G. Hill and A. Das,
Phys. Chem. Chem. Phys., 2018, 20, 18361-18373.

S. Kumar, S. K. Singh, C. Calabrese, A. Maris, S. Melandri
and A. Das, Phys. Chem. Chem. Phys., 2014,16,17163-17171.
F. Piuzzi, I. Dimicoli, M. Mons, B. Tardivel and Q. Zhao,
Chem. Phys. Lett., 2000, 320, 282-288.

G. Meijer, M. S. de Vries, H. E. Hunziker and H. R. Wendt,
Appl. Phys. B, 1990, 51, 395-403.

A. Das, K. K. Mahato and T. Chakraborty, ]. Chem. Phys.,
2001, 114, 8310-8315.

S.L.Mayo, B. D. Olafson and W. A. Goddard, J. Phys. Chem.,
1990, 94, 8897-8909.

G.Imre, G. Veress, A. Volford and O. Farkas, ]. Mol. Struc.
Theochem, 2003, 666-667, 51-59.

M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A.Robb, J. R. Cheeseman, G. Scalmani, V. Barone, G. A.
Petersson, H. Nakatsuji, X. Li, M. Caricato, A. V. Marenich,
J. Bloino, B. G. Janesko, R. Gomperts, B. Mennucci, H. P.
Hratchian, J. V. Ortiz, A. F. Izmaylov, J. L. Sonnenberg,
Williams, F. Ding, F. Lipparini, F. Egidi, ]. Goings, B. Peng,
A.Petrone, T. Henderson, D. Ranasinghe, V. G. Zakrzewski,
J.Gao, N.Rega, G. Zheng, W. Liang, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima,
Y. Honda, O. Kitao, H. Nakai, T. Vreven, K. Throssell, J. A.
Montgomery Jr., J. E. Peralta, F. Ogliaro, M. J. Bearpark, J.
J. Heyd, E. N. Brothers, K. N. Kudin, V. N. Staroverov, T.
A. Keith, R. Kobayashi, J. Normand, K. Raghavachari, A.
P.Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, J.
M. Millam, M. Klene, C. Adamo, R. Cammi, J. W. Ochterski,
R. L. Martin, K. Morokuma, O. Farkas, J. B. Foresman and
D. J. Fox, Gaussian 09.Journal, 2009.

H. Goto and E. Osawa, . Am. Chem. Soc., 1989, 111, 8950-
8951.

H. Goto and E. Osawa, ]. Chem. Soc., Perkin Trans. 2, 1993,
187-198.

M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A.Robb, J. R. Cheeseman, G. Scalmani, V. Barone, G. A.
Petersson, H. Nakatsuji, X. Li, M. Caricato, A. V. Marenich,
J. Bloino, B. G. Janesko, R. Gomperts, B. Mennucci, H. P.
Hratchian, J. V. Ortiz, A. F. Izmaylov, J. L. Sonnenberg,
Williams, F. Ding, F. Lipparini, F. Egidi, ]. Goings, B. Peng,
A.Petrone, T. Henderson, D. Ranasinghe, V. G. Zakrzewski,
J.Gao, N. Rega, G. Zheng, W. Liang, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima,
Y. Honda, O. Kitao, H. Nakai, T. Vreven, K. Throssell, J. A.
Montgomery Jr., J. E. Peralta, F. Ogliaro, M. J. Bearpark, J.
J. Heyd, E. N. Brothers, K. N. Kudin, V. N. Staroverov, T.
A. Keith, R. Kobayashi, ]. Normand, K. Raghavachari, A. P.
Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, ]. M.
Millam, M. Klene, C. Adamo, R. Cammi, J. W. Ochterski, R.
L. Martin, K. Morokuma, O. Farkas, J. B. Foresman and D.
J. Fox, Gaussian 16 (Revision C.01), Gaussian, Inc.Journal,
2016.

L. L. Porter and G. D. Rose, Proc. Natl. Acad. Sci. U. S. A.,
2011, 108, 109-113.



ISRAPS Bulletin

Vol. 37, Issue Number 1 & 2 January, 2025

=)
;,4-

Aloke Das received his B.Sc. (1994) and M.Sc. (1996) degrees from Jadavpur University,

from Indian Institute of Technology Kanpur in 2002 under the supervision of Professo

IR spectroscopy of flexible aromatic hydrocarbons, which are isomeric products in fuel

_| Erwin D. Poliakoff at the Louisiana State University to study vibrationally resolved

phase using synchrotron radiation at the Advanced Light Source of the Lawrence Berkeley National Laboratory
(2004-2007). In 2007, he joined the Indian Institute of Science Education and Research (IISER) Pune as an
Assistant Professor in the Department of Chemistry. Dr. Das is a Professor at the Indian Institute of Science
Education and Research (IISER) Pune since 2019. His research includes a molecular-level understanding]
of various types of non-covalent interactions through gas-phase laser spectroscopy of isolated molecules and
complexes relevant to biomolecules and materials using laser desorption as the vaporization source. Currently,
n major focus of his research is on understanding n—pi* non-covalent interaction, Sulfur hydrogen-bonding,
sequence-dependent folding motifs of peptides, etc.

Kolkata, India. He earned his Ph.D. degree in the area of gas phase laser spectroscopy

Tapas Chakraborty. Subsequently, he moved to Purdue University to do his postdoctoral
research with Professor Timothy S. Zwier and worked on conformation-specific UV and

combustion processes (2002-2004). Later, he was a post-doctoral fellow with Professor

Vacuum-Ultraviolet (VUYV) photoelectron spectroscopy of polyatomic molecules in the gas

Dr. Satish Kumar got his Integrated MSc degree in chemistry from the National
Institute of Science Education and Research, Bhubaneswar in 2015. He completed his
Ph.D. in chemistry from the Indian Institute of Science Education and Research under
the supervision of Prof. Aloke Das. His work during his Ph.D. focused on the study of
inherent conformation preferences of small capped peptides in the gas phase as well as the
condensed phase. He is currently a post-doctorate fellow at the University of Utah, USA.

My. Sourav Mandal is a Senior Research Fellow in the Department of Chemistry at the
Indian Institute of Science Education and Research (IISER) Pune since August 2023. He
joined IISER Pune as a Junior Research Fellow in August 2021. He received his B.Sc.
in Chemistry from Vidyasagar University in 2018 and his M.Sc. in Chemistry from
Calcutta University, Kolkata, in 2020. He is currently working under the supervision
of Prof. Aloke Das to investigate the folding motifs of peptides with varying sequences
employing gas phase laser spectroscopy, NMR, and X-ray crystallography.

13



ISRAPS Bulletin

Vol. 37, Issue Number 1 & 2

January, 2025

Versatility of Carbon Dots as a Photosensitizer

Somen Mondal*?
“ Institute of Chemical Technology, Mumbai, Marathwada Campus, Jalna, Maharashtra 431203, India
E-mail: s.mondal@marj.ictmumbai.edu.in

Abstract

Carbon dots (C-dots) are highly promising light-harvesting materials with great potential as

photosensitizers, owing to their environmentally friendly nature, biocompatibility, and cost-

effectiveness. Their versatility as photosensitizers has sparked significant interest, positioning them
as a key material for future advancements. Furthermore, the flexibility of C-dots in charge transfer

arises from their dual ability to act as both electron acceptors and electron donors. The charge

transfer between photosensitizers (C-dots) and molecular quenchers is a fundamental process

underlying various applications in photocatalysis, sensing, and optoelectronics. The processes of

charge transfer between C-dots and quenchers are extensively studied using a range of techniques,

including steady-state and time-resolved photoluminescence, ultrafast transient absorption, and

fluorescence up-conversion. The extensive array of reported electron donor-acceptor systems

highlight the versatility of C-dots as photosensitizer, with tuneable electronic properties designed

to meet the challenges of emerging technologies.

1. Introduction

Carbon dots (C-dots), one of the most
interesting 0-D allotropes of carbon, are first
identified during the purification of single-
walled carbon nanotubes (SWCNTSs) using
gel electrophoresis as by-products.!!! Since its
inception, C-dots have significant attention
as versatile photosensitiser due to its high
aqueous solubility, easy functionalization,
high quantum yield, high photostability, low
toxicity, and chemical inertness etc.[>1% A
progressively increasing volume of research
publications of C-dots are noticed in the field
of optoelectronics, photocatalysis, energy
storage, drug delivery, bioimaging and sensing
as shown in the diagram (Figure 1a,b).l>'"
However, the complete understanding of
structure and optical properties of C-dots remains
elusive due to their complex photophysical
behaviour. Resulting from a decade of research,
various scientific groups have established two
perspectives on the heterogeneous behaviour of
C-dots. The first overview and the most widely
accepted explanation is that the C-dots contain
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two distinct emissive species: blue emission
arises from the core state, attributed to an sp?-
hybridized aromatic network surrounded by
an amorphous sp3-hybridized domain, while
green and red emissions originate from the
surface state, influenced by functional groups
present at the edges of the carbon core.!"*I The
second opinion is that the formation of molecular
fluorophores or aggregated structures within the
carbon core during the time of synthesis.>'¢ The
major drawback is the lack of proper purification
of C-dots, which hinders the determination of
their structure and optical properties. Therefore,
it is recommended to use purified C-dots
followed the following techniques such as high-
performance liquid chromatography (HPLC),
column chromatography, or gel electrophoresis
for purifying C-dots, rather than relying on
dialysis. Interestingly, the pure C-dots serve as
excellent photosensitizers and exhibit outstanding
properties as both electron donors and electron
acceptors due to presence of core as well as
surface in a single particles.['>1317-21l
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Figure 1: (a) The number of citations of C-dots since 2004; search results are obtained from the Scopus (b) Pie chart of

applications perspective of C-dots (Al based statistics).

Photoinduced electron transfer (PET)
is a fundamental process in photosensitizers
and a critical chokepoint in advancing new
optoelectronic devices, photocatalytic systems,
and other light-activated applications. In PET
process, the photosensitiser absorbs light, thereby
creating a photoexcited electron-hole pair. After
that, the photoexcited electron or hole transfer
from photosensitiser to quencher depends on
the suitable band alignment of quencher. The
PET process in between C-dot and quencher (A
for electron acceptor, D for hole acceptor) can be
explained using the following steps and Scheme
1:

Step 1: Photoexcitation: C-dots + light —»
C-dots* (e + h)

Step 2: Charge transfer (CT): C-dots* (e + h)
+ A —> C-dots (h) + A (e)

C-dots* (e + h) + D —> C-dots (e) + D (h)

Step 3: Charge recombination (CR): C-dots*
(e + h) = C-dots + PL

Various electron acceptors (EA), including
4-nitrotoluene,?2,2,6,6-tetramethylpiperidinoxyl
(TEMPO),?! methyl viologen (MV?*),"! metal
nanoparticles,?! fumarate reductase, and
[NiFeSe]-hydrogenase,” have been utilized to
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Quencher

Scheme 1: PET process in C-dots based Donor (D) and
Acceptor (A) system where C-dots act as a photosensitizer

investigate the electron-accepting properties of
C-dots. Additionally, C-dots have been employed
as electron donors (ED) in the presence of
compounds such as N,N-diethylaniline (DMA),*!
triethanolamine (TEOA),! zinc porphyrins,?”!
and ethylenediaminetetraacetic acid (EDTA).
(8] In this review, we focus on the ability of
C-dots to act as photosensitizers, using methyl
viologen (MV?") as a molecular quencher, where
it primarily functions as an electron acceptor.
MV?2* was chosen due to its strong surface binding
affinity and relatively mild reduction potential
(-0.45 V vs. NHE in aqueous solution), which
aligns well with the band structure of C-dots.
Furthermore, the quenching process with MV?* is
straightforward to monitor because the resulting
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Figure 2: (a) Surfactant chain length controls PET process in cationic surfactant
(CTAB, TTAB and DTAB) bilayer protected C-Dots (b) A consecutive ET
process in encapsulated C-dots and DMA (ED, at nonpolar environment) and
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photosensation capability of
C-dots. First surfactant-protected
core-shell C-Dots are developed
by cationic surfactant (namely:
Cetyltrimethylammonium
bromide (CTAB),
Dodecyltrimethylammonium
bromide (DTAB),
Tetradecyltrimethylammonium
bromide (TTAB)) with different
chainlength and have successfully
applied it in PET where we used
DMA as an ED (Figure 2a). It is
observed that the degree of PET
enhances with increase the width
of the shell where the solvent

MV?* (EA, at polar environment). Ref. 25, 29

MV?* radical, which is relatively stable under
anaerobic conditions, exhibits a distinct spectral
signature with an absorbance peak at 605 nm.
Here, we explore the PET process in confined
environments, aggregated nanostructures and
the role of doped C-dots via exploring the
dynamics of ET process in different systems.
Thus, our focus is on achieving a sustainable
and efficient photosensitizer for various light-
activated applications.

Effect of confined environment in PET process
in C-Dots

A”confined environment” referstoarestricted
space where physical and chemical properties
differ significantly from those observed in bulk
systems. Examples include nanopores, micelles,
reverse micelles, liposomes, or polymer matrices,
which offer well-defined microenvironments
capable of influencing and controlling the PET
process. The confined environments provide a
restricted and trapped solvent molecules that
often enhance ET efficiency by introducing
proximity effects, reducing degrees of freedom,
and strengthening interactions. Here, C-dots
along with quencher are incorporated in the
micelle via the formation of bilayer surrounding
the C-dots and revers micelle to investigate the
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reorganization energy decreases

with increase the surfactant chain
length due to higher compactness of the surfactant
molecules. Furthermore, the behaviour of C-dots
as efficient photosensitizer explores in the
confined environment of reverse micelles where
the ED, DMA, are incorporated in the nonpolar
environment of the reverse micelles while the EA,
MV?%, locates at the polar environment (Figure
2b). Resultant, the confined environment of
reverse micelles provides two different phases
for facilitating the consecutive ET process from
DMA to MV?* via C-dots.®*! These finding will
help in the areas of photocatalysis, light active
chemical reaction where we can use C-Dot as
photosensitiser in the confined environment.

Aggregation induced PET process in C-dots

An aggregated nanoscale assembly is formed
when nanoscale materials come together to create
larger structures through either covalent or non-
covalent interactions. In this study, we developed
a nanoparticulate array of C-dots to enhance
PET using a host-guest approach. The surface
of the C-dots was modified post-synthetically
with boronic acid, which was further linked to
a-cyclodextrin (a-CD) to create the aggregated
nanoscale assembly. Three derivatives of methyl
viologen were utilized to form this assembly:
1,1'-diheptyl-4,4'-bipyridinium dibromide
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Figure 3: (1) Different derivatives of MV** used as a quencher to form the
aggregated nano-assembly of a-CD-C-dots (b) pronounced PET is observed
in the aggregated nano-assembly of a-CD-modified C-dots and the dual long
hydrophobic chain-containing DHMV?* quencher. However, a less efficient PET
process is observed with HMV™* and MV?* due to the lack of aggregation. Ref. 30
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Figure 4: (a) Representation of nitrogen doped C-dots and boron, phosphorus co-
doped NC-Dot (namely: BC-dots, PC-dots), (b) yield of MV** radical generation
after excitation with a 340 nm light source using different doped C-dots as a
photosensitizer. Ref.20
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(DHMV?"), 1-heptyl-4-(4-pyridyl)-
pyridinium bromide (HMV™), and
methyl viologen (MV?*) (Figure
3a). Among the three quenchers,
DHMV?* facilitated the formation
of nanotubular aggregates due to
strong hydrophobic interactions
between its long hydrophobic
tail and the hydrophobic cavity
of a-CD. But no aggregation
is observed for HMV™ and
MV?*, as they contain either a
single hydrophobic tail or none.
Interestingly, a 1D aggregated
nanoscale assembly of a-CD/C-
dots and DHMV?* is observed,
facilitating long-range electron
transfer (ET) through a molecular
electronic junction spanning
micrometres. As shown in Figure
3b, these derivatives enhanced
the aggregation-induced PET
process. Furthermore, the rate
of ET is found to be 1.5 times
faster in DHMV?* than the other
two viologen derivatives, HMV™
and MV?*. This enhancement is
attributed to the formation of
nanotubular aggregates, which
promote electron hopping by
lowering the activation energy.
B In summary, the self-assembly
of aggregates in solution offers
a fascinating strategy for
modulating the photosensitizing
capabilities of C-dots.

Effect of doping in PET process
in C-dots

Doping is one of the most
effective ways to manipulate the
electronic, optical, and chemical
properties of nanoparticles,
thereby influencing the efficiency
and mechanism of PET. Notably,
C-dots are often doped with
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heteroatoms such as nitrogen, phosphorus,
sulphur, and boron to control their optical
properties and electron transfer capabilities. In
this review, we focus on three doped C-dots,
namely, BC-dots, PC-dots and NC-dots, where
boron, phosphorus, are doped with N-doped
C-Dots (NC-dots) to investigate the effect of
doping in photosensitization capability of C-dots.
The photosensitizing capabilities of various
doped C-dots were evaluated through the
photoreduction of MV?* upon illumination with
340 nm light. Distinct absorption and transient
absorption (TA) spectroscopy bands appeared
at 605 nm, confirming the formation of MV*e
radicals. The photosensitizing performance of
the different C-dots was assessed by calculating
the quantum yield of MV?* radical generation,
as depicted in Figure 4. This quantum yield
trend correlated well with the average charge
recombination (CR) rates, where NC-dots
exhibited slower CR rates compared to BC- and
PC-dots.[20] These findings can aid in the design
and development of highly efficient carbon-based
photosensitizers, offering a promising alternative
to commonly used heterogeneous catalysts.

2. Conclusions

In summary, C-dots offer a wide range
of applications as photosensitizers due to their
versatility in various microenvironments, the
ability to incorporate heteroatom doping, and the
formation of aggregated nanoscale assemblies.
This review highlights the role of molecular
electron donors and acceptors in enhancing charge
transfer and charge separation within C-dot-
quencher assemblies. Charge transfer is a critical
factor for advancing photosensitization. Thus, the
investigation and understanding of fundamental
charge-transfer properties in different forms
of C-dots are essential for optimizing their
performance. Additionally, the encapsulation of
C-dots within microenvironments, heteroatom
doping, and the formation of aggregated nanoscale
assemblies significantly influence the charge
separation, charge recombination, and the
generation of long-lived excited states. These factors
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collectively enhance the efficiency of C-dots in
photocatalysis, photo-sensing, photosensitization,
and optoelectronic applications.
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Abstract

Defect-driven emission has gained significant attention as a versatile and efficient approach to
achieve white light emission, a foundation for modern lighting and display technologies. This
review provides a comprehensive overview of recent advancements on the design, synthesis, and
application of defect-engineered phosphors for intrinsic white light generation. The role of intrinsic
and extrinsic defects, such as vacancies, interstitials, and surface states, is explained, highlighting
their ability to create intra-band localized energy states that facilitate broadband emission across
the visible spectrum. These single-phase white light phosphors have been categorized into defect-
engineered materials, including metal oxides, chalcogenides, quantum dots, composites, hybrid
nanostructures, and charge transfer-based phosphors. The underlying emission mechanisms,
tunability, and performance are discussed at length. State-of-the-art characterization techniques
used to probe defect structures and their impact on photophysical properties are also elaborated.
Furthermore, the article explores strategies for optimizing defect-induced emission through
synthesis approaches, post-synthetic modifications, and environmental tailoring. These single
intrinsic white emissive layer-based phosphor converted white LEDs (PC-W-LEDs) offer advantages
such as enhanced color rendering index (CRI), correlated color temperature (CCT), and luminous
efficacy (LE), as well as being cost-effective, easy to fabricate, and free from the blue tinge associated
with conventional PC-W-LEDs that use multiple phosphors. Challenges such as non-radiative
losses, stability, and reproducibility are critically assessed, alongside potential applications in
white light-emitting diodes (W-LEDs) and displays. By integrating insights from defect physics,
materials science, and device engineering, this review aims to provide a roadmap for leveraging
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defect-engineered materials to design next-generation self-activated white light emitters.

1. Introduction

Light sources have evolved from the early
days of flame to modern electric lighting, such
as incandescent lamps to fluorescent tubes to
white light-emitting diodes (W-LEDs).»* With
the advent of the inchoate semiconductor LED in
the 1960s, a type of lighting lamp with a longer
lifespan, safety, and environmental protection
started to enter the field of vision of scientists. In
1993, Nakamura et al. discovered high-brightness
blue LEDs, paving the way for the energy-efficient
bright W-LEDs. These W-LEDs have become
popular for lighting and display applications
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owing to their energy efficiency.> Nonetheless,
these W-LEDs suffer from intensity dampening,
low color-rendering index (CRI) (<75Ra), and a
bluish tinge, leading to damage to retina cells in
the human eye and involve sophisticated high
vacuum-based synthesis protocol.* Typically, the
W-LEDs are fabricated by combining blue-LED
chip- phosphors emitting green and red light,
or ultraviolet (UV) or violet LED chip coupled
with phosphors (RGB). However, the use of
multiple phosphors leads to the degradation of
phosphors over time due to different lifetimes,
color reabsorption by different color components,
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and the cost of phosphor and processes remain
a matter of concern."*® To overcome these
issues, the phosphors exhibiting broad emission
spanning over the entire white light spectral
region are being explored extensively in recent
times, which can offer better color-balanced white
light emission with a high CRI, high LE, enhanced
color stability, facile fabrication process (devoid
of multiple phosphor use), and devoid of a bluish
tinge.1489

Further, the research thrust for W-LEDs
has centered around achieving high LE, stable
chromaticity, excellent color rendering properties,
and competitive pricing compared to fluorescent
lamps, which profoundly rely upon phosphor
characteristics. A comprehensive understanding
of the nature and phosphors structural chemistry,
as well as the factors influencing the overall
characteristics of W-LEDs are crucial for their
advanced applications.

Defects that break the symmetry of the
molecules can contribute to the emission
phenomenon by creating different intermediate
states between the conduction band (CB)
and valence bands (VB). Some examples of
such defects include oxygen vacancy, carbon-
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Figure. 1 Simplified defect-based emission mechanism
for single-phase white light emitting materials.

Vol. 37, Issue Number 1 & 2

21

January, 2025

based defects, sulfur vacancy, metal vacancy,
interstitial defects, deep and shallow localized
defects, and metal excess defects, Figure. 1.1
As the annealing process can cause recovery of
the structural defects and efficiently eliminate
the non-radiative recombination centers, the
defect-related photoluminescence (PL) strongly
depends on the calcination temperature and
time. Several methods such as wet chemical
synthesis, pyrolysis, etching, annealing, etc., have
been undertaken to cause defects that may be
stoichiometric or non-stoichiometric. Moreover,
each recombination luminescence includes
the following processes: ionization, migration,
recombination, and emission. This recombination
process results in a longer lifetime (ps or ms). The
defects generally have an impact on both lattice
symmetry and energy levels of the phosphor,
which generate a local potential in the defect site
that could trap holes in the lattice of the crystalline
solids. The hole-trapping phenomenon can easily
be understood by considering a series of mid-gap
states, including surface defect states or deep
levels in the energy gap of the system that could
be related to the broad emission phenomenon.
The recombination of conduction band electrons
with an oxygen vacancy or oxygen vacancy to
a valence band can give rise to emission in the
visible spectral region.'**?

The primary aim of this article is to provide
the state-of-the-art to synthesize intrinsic white-
light-emitting phosphors and their subsequent
use to fabricate the W-LEDs, specifically focusing
on (a) materials, methodologies being adopted
including the underlying mechanisms; (b)
strategies to tailor the excitation and emission
spectra of phosphors; and (c) emerging insights
to design single phase (component) white light-
emitting phosphors to develop W-LEDs. The
interplay between mechanisms, luminescent
properties such as photoluminescence quantum
efficiency (PLQE), CIE, external quantum
efficiency (EQE), absorption efficiency (AE), etc.,
and device characteristics (CIE, CRI, CCT, LE) has
also been elaborated. Further, emphasis is given
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to the development of phosphors comprising
abundant, non-rear-earth-based elements which
eventually eliminates the issues of toxicity,
scarcity, purification process, etc.

Defect-based Single-Phase White Light-
Emitting Phosphors

Over the decade, numerous single-phase
white light-emitting phosphors based on defect-
activated emissions have been discovered. Still,
many rely on rare earth materials that activate
the white light emission in combination with the
characteristic emission due to the f-f transition.
Because of their optoelectronic and chemical
characteristics, inorganic binary, ternary, and
quaternary oxide phosphors have emerged as a
viable option for developing direct white-light
materials for solid-state lighting and luminescent
device applications. Non-rare-earth binary
oxide-ZnO based materials have been studied
extensively for white light emission, and a variety
of different synthesis conditions and doping
methods to promote defects and defect-based
emission have been attempted.

Defect Engineered Oxide Based Phosphors

For example, Shuai et al. synthesized broad
white-emitting indium-doped ZnO nanoparticles
using the sol-gel route that creates structural
defects in the material, which shows new peaks
at465 nm, 535 nm, and 630 nm when doped with
10 atomic% indium.™ Similarly, Defects induced
in Ga and In co-doped ZnO thin films by a solid-
state route show white light emission, with CIE
(0.31, 0.33) and a CCT of 6650 K. The emission
covers the entire visible region which is generally
a combination of green and red emissions
originating from oxygen (V ) and zinc (V, )
vacancies and the violet-blue and blue emissions
from zinc interstitial (Zn,) and Zinc vacancy (V,,),
respectively, as confirmed by XPS analysis.’
ZnO nano petals exhibit enhanced broad defect
emissions when synthesized at low temperatures.
The multiple blue emissions are due to the zinc
interstitial (Zn,) that forms several sub-states
related to the defect center at the surface of ZnO.
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The green emission can be assigned to singly
ionized oxygen vacancy (V) that recombines
with a hole and red emission due to the deep zinc
acceptor centers (V). A core-shell paradigm is
proposed to explain the defect-based emissions
where negatively charged zinc vacancies (V)
(core) and positively charged oxygen vacancies
(V") (shell) are controlled for red emission.'
Similarly, Lewis et al. synthesized broadband
emitting ZnO due to defect-related emissions
around 457 nm and 470 nm ascribed to transitions
from Zn, to V,, , and at around 481 nm, 488 nm,
and 492 nm attributed to the transition from the
CBtoV_ all transition observed in the violet-blue
region By tuning the annealing temperature.
By tuning the excitation wavelengths, the color
temperatures of optimized samples could be
tuned from warm (~4000 K) to cool (~8500 K).
The fabricated PC-W-LED prototype exhibits
white-light emissions with CIE coordinates (0.33,
0.33) and CRI ~95.”

While coupling doping with defects
engineering in ZnO:Mn led to the broad
photoluminescence spectra spanning over the
entire visible spectral range. Zn ,Mn O films
show CIE values with (0.333,0.322), and a CCT of
5475 K. Trung et al. also explored the cationic
doping effect of Al, which lead to warm white
light emission from ZnO: Al exhibits emission
in the visible region with CIE coordinate of
(0.42,0.48), a PLQE of 43%, a CRI ~ 74, a CCT of
3873 K.»® Moreover, Das et al. reported highly
reproducible, stable, phase-pure zinc oxide
(ZnO) nanopowder synthesized by a simple,
low-temperature aqueous solution-precipitation
method showing white emission. The white light
consisted of narrow blue and broad yellow-
orange photoluminescence with CIE (0.36,0.33).
The presence of Zn, and O, defects is responsible
for such white and shows bi-exponential lifetime
fitting corresponding to these two radiative
processes with average lifetime (4-32 ms) and an
PLQE (12-14%). These findings reveal that defect-
related emissions are the primary contributors
for white light emission in ZnO hosts or doped
matrix. The synthesis conditions and doping
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nanocrystals synthesized by
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at 350.7 nm. These observed
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phosphors, chalcogenide (S,
Se, Te) based intrinsic white
light emitting phosphors
based on S, Se, and Te
are also being explored.
Zinc sulfide (ZnS) is a

Figure 2 (a) SEM image of ZrO, sample, (b) Excitation and emission spectra, (c)
Emission spectra of ZrO, samples annealed at different temperatures, (d) PL decay
spectra for the ZrO, phosphor annealed at 400°C for 2h in air, (e) Luminescence
photographs of for samples under the excitation of a 365 nm UV lamp (Reprinted
with permission from Zhang et. al. Copyright {2009} American Chemical Society™).

methods can be tailored to promote optimal
defects and tune the emission properties of these
phosphors.?

Similarly, binary oxide-based ZrO, was
reported, which emits intense and broad
emissions covering the visible spectral region.
The emission can be tuned from blue to white
and orange spectral regions by varying synthesis
temperature owing to some chemical bond
manipulation, carbon impurities and/or defects
in the systems, Figure 2.2 Besides binary oxides,
some single-phase ternary oxides have also been
reported that exhibit intrinsic white light emission
owing to defects. Tavares research group
investigated the photoluminescence of Caln,O,
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highly versatile phosphor
emitting blue, green, or
orange light with long-
lasting phosphorescence. Its
applications are widespread,

including in cathode ray tube (CRT) screens.
ZnS has been doped and/or synthesized at
varying temperatures, and pressure, sintering
conditions to achieve white light emission. In
2020, Saavedra et al. successfully co-doped ZnS
nanoparticles with Co**and Mn?*. This resulted
in the generation of near-white light emission
when excited with ultraviolet light. The emission
color and intensity can be tailored by considering
the interband energy transfer between Co* and
Mn?* ions and the creation of deep-level defect
states in the host nanocrystals. The spectrum
of the emission consists of multiple bands,
corresponding to V; — E (396-400 nm), E, —
V,,(444 nm), E — V, * (500 nm), V;* -V, (570
nm), and V.,* — V_ * (630 nm) transitions of
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Figure 3 (a) Emission Spectra for different dopant concentration, (b) Emission spectra at different vacuum pressure,
(c) CIE coordinate, (d) fabricated device at on and off condition, and emission spectra and CIE coordinates of fabricated
W-LED prototype, (€) Mechanism of white light emission (Reprinted with permission from Dehury et. al, Copyright,

{2022} Wiley-VCH GmbH?).

the host intrinsic defect levels, as well as the *T,
— %A transition of the Mn** ions (595 nm). At
1:1 Co?*/Mn?* ion ratio, CIE (0.30,0.32) with 3%
PLQE and 4.52 ms lifetime was obtained.?> Our
group reported Cu-doped ZnS with different
dopant concentrations and varying vacuum
pressure during the synthesis to instigate the red
emission in the Cu-doped ZnS. We successfully
optimized the reaction condition to achieve cool
to warm and neutral white light emission. By
optimizing the dopant concentration of Cu*
and vacuum pressure intense red emission
can be controlled along with the prevalent
blue and green emission, which resulted in the
intrinsic white light emission. The red emission
manifested by introducing deep localized
defect states mainly due to sulfur vacancies and
activation of the t, energy level of Cu, which give
rise to the recombination of electrons from the
deep localized defect states to the t, energy level
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of Cu. The fabricated W-LED prototype exhibits
high CRI (97), CIE (0.361,0.373), and warm CCT
(4538 K), Figure 3.2

Recently, a green-bio-based ZnS
nanoparticles have been synthesized by co-
precipitation method showing white light
emission, employing Phyllanthus emblica extract.
The origin of white light is attributed to different
defect states activated during the synthesis. The
capped ZnS nanoparticles display cool white
emission with CIE (0.305, 0.303) with a high
CCT (7255 K) and excellent CRI (93).2 Rosenthal’s
group reported another system based on CdSe
nanocrystals with wide-band emission due to
surface-state and band-edge emission.”® The
observed wide-band emissions are due to the
recombination of charges from mid gap states
created from the linkage of uncoordinated
surface selenium sites. Further, the enhancement
of the white light emission was achieved by
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post-synthesis treatments along with improved
quantum yield of up to 45% owing to a partial
ligand exchange or surface trap.”

Nanoparticle size plays a crucial role in
the emission behavior owing to the quantum
confinement phenomenon. Quantum dots (QDs)
are generally well known for their single intense
emission. Whereas, broad emission can be
achieved by modifying the surface with suitable
ligands and causing a defect in the core that will
produce defect-originated emissions, which
intrinsically balances to provide white light
emission. Sapra et. al, has achieved white light
emitting trap-rich CdS QDs with a 17% PLQE.
% Alloying the QDs with other elements shows
white emission in Zn,,Cd, Se QDs with PLQE
of 12%.%* However, the intrinsic high toxicity of
Cd restricts its long-term practical applications.
Additionally, Mn-doped zinc chalcogenide QDs
demonstrated to exhibit white emission with the
interaction of Mn*" (*T,-°A)) transition emission
(vellow/orange light) and surface trap-states
emission (blue/ green light).” Mn-doped QDs are
devoid of toxicity unlike Cd based but surface
defect-based white light emissions from QDs,
which are extremely sensitive synthesis condition
and thus are thought-provoking to control and
reproduce. To resolve the problem of toxicity and
stability the route of co-doped QDs to achieve
white light have been proposed. Different groups
developed a method to produce Mn and Cu
co-doped ZnSe QDs (Cu-Mn-ZnSe QDs) via a
versatile synthesis approach. As aresult, the QDs
show white light emission. The blue emission (400
nm) observed is due to the band-edge transition,
the green emission (480 nm) is attributed to
the presence of Cu dopant, and the orange
emission (580 nm) is associated with Mn dopant.
Consequently, co-doping produces white light
emission from QDs, and the intensities of each
color emission can be controlled by adjusting
the amount of dopant concentration in the QDs.?
Panda et al. synthesized the same quantum dots
by hot injection route, showing bright white light
emission with PLQE of 17%. This demonstrates
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the robustness and potential for extension to
other host materials. It enables co-doping with
various dopants to produce high-quality white
light emitting phosphors that can potentially
cover a wide range of the visible region for future
lighting and display applications.”

Defect Engineered Nitride Based Phosphors

Nitrides such as undoped GaN nanoparticles
(NPs) having inherent vacancies (V, and V,,)
which act as luminescence centers, have been
centre stage for developing W-LEDs, exhibiting
tunable broad emission properties covering
RGB colors. Nonetheless, GaN is well known
for its extensive use as a blue and UV-emitting
LED application, whereas broad white emission
is quite rare. Vacancies generate defect energy
levels among the band edges and relate to
their respective luminescence bands. 23032
Recently, GaN NPs by carbothermal reduction
and nitridation process has been syntheisized.*
Upon excitation with 325 nm using a He-Cd laser,
GaN NPs emit a broadband covering the entire
visible and UV region. The CIE coordinates of the
GaN phosphors are closer to the standard white
light (0.33, 0.33). White light emissions observed
is due to the generation of defect levels between
the band edges upon varying experimental
condjitions.

Defect Engineered Hybrid Inorganic-Organic
Phosphors

The inorganic-organic hybrid phosphors are
also being explored that can exhibit white light
emission. In a study by Layek et al., white light
was obtained from a ZnO-based nanoconjugate
where ZnO nanocrystals (NCs) were coupled
with organic dye solutions of ATTO 590 and
ATTO 565, Figure 4(a-c). This resulted in a
tunable PLQE of 15-20% by manipulating the
defect states. The hybrid organic-inorganic
fluorophore nanophosphor shows white light
emission due to the electronic coupling between
ZnO NCs and the organic dye through FRET.
This facilitated by the spectral overlap between
the defect-induced emission of ZnO NCs and S
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Figure 4 (a) Schematic of ATTO 590-conjugated ZnO NCs. (b) PL spectra. (¢) CIE-1931 diagram (Insets: Colloidal
suspension of white light-emitting ZnO-ATTO 565 nanoconjugates and a W-LED prototype) (Reprinted from Layek et

al, Copyright {2023} American Chemical Society3?).)

to S, absorption of conjugated dye system. The
ability to modify blue ZnO emission by NC size
and the orange-red emission of dye allows tuning
of the white light emission characteristics. This
hybrid phosphor shows an average lifetime of
45 to 34 ns with CIE coordinates of (0.33, 0.33),
CCT (~5100-5300 K) and CRI values up to 95.%
In a similar study by Das et al., ZnO and DNA
complex emitting white-light emission with CIE
coordinates (0.33, 0.35) was achieved. The defect-
related emissions generally occur near the blue-
green, yellow, and orange-red corresponding
to corresponding to singly ionized oxygen
vacancies (V "), doubly ionized oxygen vacancies
(V) interstitial oxygen (O,), respectively. They
showed that the DNA molecule suppresses the
defect emission.®® Nonetheless, Chen and co-
workers fabricated direct white light-emitting
organic ligand (trioctylphosphine oxide&
stearic acid) capped ZnSe NCs. The white light
emission due to mixing of blue emission of ZnSe
NCs with green-red emission of radiative deep
defect levels from ZnSe surface. The Fabricated
W-LED prototype shows white light with CIE
coordinates of (0.38,0.41).3* M. A. Schreuder et al.
demonstrated direct white light emission using
ultrasmall white-light CdSe NCs coated with
biphenylperfluorocylcobutyl polymer with a 10%
quantum efficiency, CIE coordinates of (0.333,
0.333) and a high CRI 93.* Likewise, Nizamoglu et
al. and Shea-Rohwer et al. investigated broad and
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white light emission from CdS NCs by modifying
surface states and ligand displacement.**” Feng
Li et al. recently reported single-phase CdS NCs
that emitted intense white light due to surface
defect 550 nm and exciton-based blue emissions.
This exhibited a CRI value of 79.5 and a cold CCT
value of 6238 K.*

Defect Engineered Composite Phosphors

Core-shell systems are more effective in
charge transfer by dipole interaction. In some
cases, the core emission overlaps with shell
emission to produce white light emission. For
instance, Kar et al. synthesized a system based
on an Mn: ZnS nanorod core and ZnO shell that
shows white light emission. The emission peaks
~400 and 459 nm blue bands were attributed to
sulfur-based vacancies and surface defect states
in the phosphor whereas the green band at ~511
nm was attributed to singly ionized oxygen
vacancy of the ZnO shell and the orange emission
corresponds to *T,— °A, transition of the Mn*" ions.
Thus, the Mn-doped ZnS core emissions and the
outer ZnO shell combine to produce white light
with CIE (0.34, 0.38).* Furthermore, Ren et al.
demonstrated a warm W-LED prototype with
p-ZnO:Sb/n-GaN (NWs/film) heterojunction
structure with the CIE (0.418, 0.429). Sb-doping
activates deep and shallow acceptor levels, and
electron-hole recombination between the CB
of GaN and deeply trapped oxygen vacancy
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center give rise to green emission. Whereas,
yellow-orange emissions assigned to the CB of
GaN to interfacial oxygen due to Li doping in
Zn0O. The weak blue emission is attributed to the
emission from n type GaN to p-type ZnO: Sb. The
contribution from all these states generates the
white light emission.*

Similarly, Poly (9,9-di-n-hexyl fluorenyl-2,7-
dial) (PF) is used to encapsulate ZnO and Mn-
doped ZnS results core-shell nanocomposites.
The phosphor produces visible luminescence
with tunable CCT ranging from warm to pure
white light, with a PLQE of up to 91%. The blue
and yellow emissions are attributed to m*—m
transition of PF, Mn*" (*T,—°A)) transition of
Mn-doped ZnS nanoparticles and the interface-
states transition respectively. The spectra and
CCT can be tuned by tuning the ZMS(PF)ZnO
ratio.* Similarly, Luong et al. reported a core-
shell structure based on ZnSe/ZnS: Mn core/
(doped) shell and ZnSe/ZnS: Mn/ZnS core/
(doped) shell/shell heterojunction NCs that emit
white light due to bandgap based blue emission
of ZnSe core and *T,-°A, transition based yellow/
orange emission from the of Mn?** ions doped in
ZnS. The green emission is attributed to surface
defects which affects PLQE of core/ (doped) shell
and core/(doped) shell/shell NCs. The emission
from the Mn: ZnS can be tuned from 580-600 nm
by regulating the feeding molar ratio of [Zn]/
[Mn]. By optimizing the dopant concentration,
the phosphor shows white light with a quantum
yield of about 27.6% and 20.5%, for ZnSe/ZnS:
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Mn and ZnSe/ZnS: Mn/ZnS NCs respectively.*
Kim and coworkers synthesized CuGaS/ZnS
QDs with varying Cu/Ga ratios and studied the
critical roles of Cu deficiency in controlling their
absorption and PL properties. They observed
white light emission at a nominal ratio of Cu/
Ga = 1/8 with high PLQE. The white emission
combines the effect of exciton and defect-based
emission, and the highest PLQE up to 76% was
also achievable by further adjusting the ZnS-
shelling period of Cu/Ga = 1.8 based QDs.* In
a study by Roy et al., a highly luminescent and
stable composite was developed by forming
a blue-emitting Zn(N-methylsalicylaldimine),
complex on the surface of a yellow-emitting
ZnO QDs . This resulted phosphor emits in the
entire white light region with a CIE of (0.31,0.38)
and (0.31,0.36), CRI of 74 and 82, and CCT of
6505 and 6517 K in solution and solid phases,
respectively. The study also showed that the
degree of complexation can be controlled to
adjust the chromaticity and CCT, Figure 5(a-c).*

Similarly, Zhang and his team synthesized
white emissive Cu, Mn: Zn-In-S/ZnS QDs
exhibit excellent color properties with CIE
(0.305,0.290), a CRI of 85, and a CCT of 7488 K.*.
Li et al. successfully optimized ZnS: Mn*/ZnS/
ZnS: Cu**/ ZnS QDs by adjusting the ratios of
the precursor injection temperature of an extra
sulfur source. The QDs exhibit a blue emission
peak at 450 nm from Cu** dopants, alongside 405
and 430 nm emission peaks corresponding to a
defect emission center. Additionally, orange light

(b

ZnO Qdot

)

Intensity (a.u.)

—(t)

ela) o)
e(b) ealg)
elc) i)
o(d) «(n)
elc) o))

o(k)

00 450 500 550 600 650 TOO 750
Wavelength (nm)

Figure 5 (a) Schematic Illustration of the Fabrication of White Light-EmittingQuantum Dot Complex (QDC)
Nanocomposite, (b) Emission spectra, (c) chromaticity color coordinates in CIE diagram (Reprinted with permission from

Roy et al, Copyright {2017} American Chemical Society*).
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is generated at 585 nm from Mn?* dopants. The
combination of blue and orange light produces
white light emission with 38% PLQE. A white
light device prototype fabricated emits warm
white light with a CIE color coordinate of (0.32,
0.34) upon excitation by a commercial 370 nm
UV LED chip.*.

Charge Transfer Based White Light Emitting
Phosphors

Self-activated charge transfer-based
emission can be observed in inorganic, organic,
and hybrid phosphors. Some of the inorganic
phosphors include vanadate, tungstate, cerate,
gallates, and molybdates, which are reported to
exhibit broad emission bands in the range of 400
to 700 nm or beyond due to charge transfer in the
[MO, | system where ‘X’ is the number of oxygens
involved in the charge transfer moiety, and ‘n’ is
the charge of the metal oxide cluster. The charge
transfer may be Metal to ligand (MLCT) or ligand
to Metal (LMCT) type consisting of different
hybrid energy states with varying gaps of energy
corresponding to different wavelengths (Blue,
green, red, etc.) that are internally balanced to
originate white light emission. The elemental
energy bands are hybridized after the molecule
formation to give some hybrid bands where the
energy absorption and photon emission happen.
Sometimes, the charge transfer spectra are not
active; some distortion is required in the lattice
to make them active. This kind of emission is
also seen in the case of NCs and QDs, where the
surface ligand to core metal established an LMCT
system. C.R. Garcia and his group have reported
a charge transfer system based on spinel-
structured zinc gallate ternary oxide-ZnGa,O,
that shows excellent broad emission. The white
light emission in ZnGa,O, originate owing to the
self-activation of the octahedral GaO, moiety.
They prepared crystalline ZnGa,O, phosphors
with two different kinds of precursors such as
Gallium acetylacetonate and Gallium nitrate,
whereas former precursor shows the presence of
oxygen vacancies with intense blue-green-yellow
emission. GaO, exhibits blue emission, whereas
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oxygen defects exhibit green-yellow emission
with a prolonged lifetime of 212 s. The white
light-emitting phosphor shows CIE (0.281, 0.373),
which is in the vicinity of the CIE coordinate for
ideal white light sources.*”

Similarly, SM M Zawawi et al. reported three
different phases of tungstate, scheelite (BaWO,),
wolframite (NiWO,), and perovskite layer
(Bi,WQO,) prepared using the sucrose-templated
method. Broad emissions with a considerable
blue shift were observed from emission spectra
due to the quantum confinement effect results
wider band gap. White emission is attributed
to the 'T, excited state, and 'A, ground state
electron-hole recombination of [WO,]* charge
transfer species and defects due to oxygen
vacancy levels are responsible for the white light
emission.*

Researchers have rigorously studied other
charge transfer system based on vanadium-based
materials showing broad-emission spectra.*-
T. Nakajima et al. reported near white from
the Charge transfer (CT) transition in the VO,
tetrahedra in metavanadates AVO, (A: K, Rb,
and Cs). The phosphors show CT transitions
from VO, tetrahedra, i.e, °T, -'A, and °T, -'A,
transitions with two distinct emission peaks.
KVO, shows CIE (0.362,0.453), CCT 4859K, and
CRI of 73 with a low internal quantum efficiency
(IQE) of 4%. Whereas the PLQE are reported
to increase up to 79 and 83% for RbVO, and
CsVO, due to increase in metal ion size with CIE
(0.316,0.424), (0.306,0.418), CCT 5993K, 6334 K
and CRI of 70 and 60 respectively. RbVO,/PET
shows luminous efficacy of f 15-48 mW cm™
which is quite good for this phosphor.* They
also studied another class of vanadate phosphor
M,V O, (M = Mg and Zn), exhibiting broadband
emission from 400 to 700 nm, showing bluish-
green to yellow emission with a high IQE.*® The
M,V,0O, (M: Mg and Zn) also exhibits broadband
(410-900 nm), yellow emission due to difference
in the structural distortion of the VO, tetrahedra
between the AVO, and M,V,O, which produces

alarge difference in energy levels arrangement in



ISRAPS Bulletin

ground and excited states. The Zn,V O, showed
high IQE (52%) compared to the Mg, V,0O, (6%).
They also studied the same systems based on the
alkaline earth metals Ca,V,O, (CIE:0.328,0.407),
Sr,V, 0O, (CIE:0.329,0.415), and Ca,V,O, (CIE:
0.303,0.591). The IQE values of M328 (M: Ba, Sr,
Ca, Mg, and Zn) were 0.5, 3.7, 0.7, 6, and 52%,
respectively. The emission spectral nature is also
depending on the nature and size of the cation

used which CIE and IQE.#-5!

The same group studied the other class
of vanadate where the n values of M,V,0, (M:
Ba, Sr, Ca) are 25, 8, and 0.4%, respectively,
synthesized by a solid-state route. The phosphors
observed emission of green (0.277, 0.389), yellow-
green (0.393, 0.488), and yellowish-orange CIE
(0.494, 0.439) for Ba,V.,O,, Sr,V,0O, and Ca,V,0O,
respectively.  Aditya Sharma et al. synthesized
broad-band emitting pyro-vanadate Ca,V,O,,
5r,V,0,, and Ba,V,0O, by a modified chemical
precipitation method.”* They also observed
broadband emission spectra from 400 to 700
nm exhibits a red shift varying with the ionic-
radii of alkali-earth metal ions. The phosphors
exhibit Yellow-orange (0.5308,0.4151), green-blue
(0.2445,0.3357), and blue indigo (0.2053,0.2666)
emission from Ca,V,0O,, Sr,V,0,, and Ba,V,O,
phosphors, respectively. Such tuning of color
coordinates result in advancements in PL
properties, depends on the synthesis procedure
where the electronic state changes with different

route of synthesis.™

Similarly, Pavitra et al. doped Rb to
CsVO, that led more distorted VO, , which
allows spin-forbidden transitions for CsVO,: Rb
phosphors, resulting in enhanced IQE and EQE
of 94.7% and 84.5% with superior emission than
CsVO, host. The fabricated W-LED prototype
exhibits white emission CIE (0.346,0.443), a
good CRI of 69.7-81.5, and high LE of 94.8-58.7
ImW .52 Likewise, M. M. Teixeira et al. developed
a new stoichiometric Ca, V. O,. vanadate
phosphor capable of white-light emission on
ultraviolet excitation using co-precipitation and
microwave-assisted hydrothermal methods by
varying temperatures. The changes in emission
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characteristics of the phosphor material depend on
the structural and morphology properties, which
in turn depend upon the synthesis procedure. In
addition, the effect of temperature on emission
properties also exhibits a decrease in intensity
as temperature increases at low activation
energy values. The calculated CIE chromaticity
coordinates are positioned entirely in the white
region (0.311,0.348) and (0.350,0.368) in two
different route syntheses.’® They also studied
a new system based on strontium vanadate
(5r,,V,O,,) synthesized in a microwave-assisted
hydrothermal process, which allowed to tune the
structure and morphology of the phosphor. The
phosphors obtained here show CIE in the range
x =0.28-0.35 and y = 0.30-0.37, which is nearer to
the white light region.> Bharat et al. synthesized
Ca,KZn,(VO,), phosphors using a citrate-assisted
sol-gel method at low calcination temperatures.
The W-LED prototype fabricated showed a
yellowish-green emission CRI value of 84.3 and
CCT of 5349K. The vanadate phosphors are
highly thermally stable rare-earth free phosphors
where some modification may lead to white light
emission.®

We recently reported defect-engineered self-
activated Ba,V,O,nanophosphor showing white
light emission in 400-750 nm region by a one-pot
microwave approach, to tune the molecular level
distortion and to create oxygen vacancies that
enables intrinsic white light emission with CIE
(0.31,0.38,) high PLQE of 35%. The short- and
long-range defects, in particular the oxygen
vacancies, which eventually form an intermediate
energy level in the forbidden region between the
VB and CB are the primary contributors for red
emission along with the host blue-green emission.
fabricated W-LED prototype exhibits white-light-
emission with CIE (0.353,0.392), CCT (~4867 K),
CRI (~85), and high LE (~102 Im/W), Figure 6 .

We also have developed new stoichiometric
single-phase Ba,V,O,,, in the same procedure
as mentioned above. The optimized phosphor
exhibits white light emission which is a
combination of host-based charge transfer as
explained before and oxygen vacancy base
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emission with CIE (0.333, 0.368) and 23.3% IQE
and is stable up to 250°C. The fabricated W-LED
prototype exhibiting a high CRI (~86.1), CCT
(~5998 K), and high LE (~128.4Im/W), Figure 7.

2. Conclusion

Defect-engineered, single-phase white light-
emitting phosphors represent a promising avenue
for the development of efficient, sustainable,
and versatile phosphor materials for solid-state
lighting and display applications. Over the past
decade, significant advancements have been
made in leveraging defects in binary, ternary,
and quaternary oxides, chalcogenide, nitrides,
hybrids, composites-based materials to achieve
broad, tunable white light emission with intense
white emission, high CRI, tunable CCT and
high LE. Modifying materials with dopants,
composite formation, modification of surfaces
and controlled defect engineering can tailor the
band position and/or introduce new energy
bands in between the band edges to achieve
intrinsic white light emission with impressive
chromaticity and color rendering indices. These
findings underscore the potential of defect-
based approaches to circumvent reliance on
rare-earth materials, addressing both economic
and environmental concerns. Future research
should focus on advancing synthesis techniques
for precise defect modulation, enhancing PLQE,
improving the stability and scalability of these
phosphors for practical applications. With
continued innovation, defect-engineered single-
phase phosphors can play a transformative role in
next-generation solid-state lighting technologies.
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Abstract

Radjiation field in the nuclear reactors generates highly reactive radiolytic species from the radiolysis

of coolants in water-cooled PWR, BWR and PHWRs using water/heavy water as coolant or

moderator in their primary circuits. While an oxidizing environment will accelerate the corrosion

of structural materials, reducing species; hydrogen, can pose a safety hazard. Most materials in

the vicinity of nuclear facilities are exposed to fairly high radiation fields and prone to radiation-

induced degradation. A comprehensive understanding of radiation-induced water decomposition

and its subsequent effects on associated materials is necessary for ensuring the safe and efficient

operation of nuclear reactors. Hence, it is extremely crucial to accurately analyse the concentrations

of hydrogen and hydrogen peroxide/oxygen generated from radiolysis and religiously maintain

water chemistry parameters. In this article, the effect of radiation on various ion exchange resins

used in purification systems of nuclear reactors and metal surfaces is compiled.

1. Introduction

Materials used in nuclear technological
facilities such as nuclear power plants and
nuclear fuel reprocessing plants, are exposed to
extremely harsh conditions of high temperature,
pressure and intense radiation fields from
radioactive isotopes generated from fission
reactions. The knowledge gained from aqueous
radiation chemistry is essential for technological
applications associated with various areas of
water-cooled nuclear reactors and other related
technology. The two major molecular products
from water radiolysis H, and O, / H,O, are
flammable and the cause of structural materials
failure due to corrosion, respectively. These are
crucial issues for the long-term safe operation
of nuclear installations. Though radiolysis of
water and its effect on different materials are
well studied, in actual application sites the solid
materials of importance are always in contact
with the aqueous phase and the processes
occurring at the interfaces can affect the bulk
properties. Whether it is a nuclear power plant,
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fuel reprocessing plant, spent fuel storage bay or
radioactive waste immobilisation (repositories)
facilities there are different materials, metals
or alloys, which see diverse types of radiation
at varying dose rates and up to different time
frames [1,2]. It is reported that gamma irradiation
lowers the pitting potential and shifts the
corrosion potential of SS 304 L and SS 316 L (in
the repository site ground-water medium) to
more positive potentials (150-250 mV) due to
radiolytically formed H,O, [3]. Similar behaviour
is also reported for carbon steel (CS) alloy [4-6].
However, such studies are scarce. In this article
the effect of radiation-assisted corrosion of CS
alloy ASTM 106 Gr. B and ion exchange (IX)
resins (micro and macro porous) in contact with
aqueous medium are discussed.

2. Radiation effect on carbon steel and the IX
resins

Irradiation Effects on Carbon Steel

Carbon steel (CS) alloy forms the primary
heat transport (PHT) system in a pressurised
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heavy water reactor (PHWR) which transfers
the heat generated in the core. The closed-loop
PHT system utilizes heavy water as the coolant,
circulating it through the reactor core and then
to the steam generators where heat is transferred
to the light water, producing steam to drive
turbines for the generation of electricity. The
feeder which connects multiple fuel channels
(made of zirconium alloys) to the inlet and
outlet headers (coupled to the tube sides of
steam generators), is also primarily made of CS
due to its excellent weldability. CS drums are
also used for storing radioactive wastes in spent
nuclear fuel repositories. While carbon steel offers
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several advantages, it’s essential to address the
potential challenges caused by general corrosion
and radiation embrittlement increasing the risk
of failure. Any damage to the structural material
can cause huge financial loss and can lead to loss-
of-coolant-accident (LOCA) scenarios.

Processes occurring at the interface of metal-
water in the presence of ionizing radiation are
mainly due to exposure to both reductive and
oxidative species formed from water radiolysis.
These species at the water-metal interface can
significantly affect the stability of CS. Hence,
it was of interest to see the effect of gamma-
irradiation on the corrosion of CS in neutral

. - % >

and alkaline pHs simulating air
ingress conditions during reactor
shutdown and moisture/water
seepage into radioactive storage
condition.

Figure 1 shows the change
in surface morphology with
increasing dose. The surface
showed coarsening of grain
structure and exfoliation of oxide
at the grain boundary. Formation
and agglomerations of oxide on the
coupon surfaces were observed.

Irradiation-induced oxide
formation and segregation at grain
boundary is clearly visible at 460
kGy dose in neutral and alkaline

il pH (Figure 2).

Figure 2: SEM images of CS surface exposed to 460 kGy in (a) neutral and

(b) alkaline pHs.
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Figure 1: SEM images of CS surface exposed to different gamma
neutral pH.

doses in

In neutral pH, the roughness
increased with dose, whereas
for LiOH-exposed samples, it
decreased. The conductivity and
Fe release increased and the pH
decreased on irradiation. Contact
angle and AFM measurement
(Figure 3) showed increasing
contact angle with irradiation
indicating the surface energy and
wettability of the oxide surface
was decreasing with dose. XRD
and Raman studies (not given
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Water LiOH
81° 95°
128°

460 kGy

Figure 3: Contact angle and AFM micrographs of CS

surfaces before and after y-irradiation in neutral and
alkaline pH.

O,, Fe,O, and

here) indicated the presence of Fe,O,,

FeOOH

The structural materials are susceptible to
corrosion in the presence of certain impurities
in the coolant. Therefore, strict water chemistry
control is necessary to minimize corrosion and
maintain the integrity of the systems using ion
exchange resins. Maintaining a clean system
ensures good control over activity transport and
reduces radiation field build-up in nuclear plants.

Ion exchange resins

As mentioned before ion exchange resins are
indispensable in the nuclear industry, playing a
critical role in maintaining the water chemistry
of various circuits within nuclear power plants.
These circuits, including coolant, moderator
and auxiliary systems, require precise control
of chemistry parameters for uninterrupted
operation. Annually, nuclear facilities utilize
a substantial volume of ion exchange resins,
typically ranging from 10,000 to 25,000 liter, for
this essential task [7]. Cation exchange resins are
particularly vital in this process for effectively
removing radioactive cationic contaminants
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from the coolant water. These contaminants can
originate primarily from radioactive (by neutron
activation in the reactor core) corrosion products
generated from the oxides formed on the surface
of various structural materials and/or fission
products released from breached/failed fuel
pins. By efficiently removing these contaminants,
cation resins significantly minimize radioactive
transport and prevent their re-deposition within
the coolant circuits thereby keeping a check on
the man-rem related issues.

To withstand the demanding environment
of a nuclear power plant, specially designed
nuclear-grade resins are employed. These resins
possess several key characteristics such as (i)
high exchange capacity for efficient contaminant
removal, (ii) exceptional mechanical strength to
endure operational pressures and (iii) inherent
resistance to thermal shocks and radiation.

Nuclear grade ion exchange (IX) resins of
strong cation and anion forms, from both gel
(micro-porous) and macro-porous types are being
used in different purification circuits of water-
cooled nuclear reactors. The macroporous resins
with a pore size (voids between the polystyrene
chains) ~20-100 nm, can also act as filters to
trap bigger-sized particles (foulants or crud or
organics) along with their normal ion exchange
behavior [8]. Macro-porous resins comparatively
have higher strength due to higher cross-
linking (~12%) and hence can withstand high
flow conditions. Hence, macro-pore resins are
mostly used in the secondary side of the nuclear
reactors i.e. mostly in steam generator condensate
polishing units which get a flow of ~70 m> h* and
pressure of ~10 bar. The operational life of these
resins is finite. Figure 4 gives a schematic diagram
showing the morphology of gel and macro-porous
resin beads with their pores. As the resins remove
radioactive contaminants from the coolant water,
they become loaded with various radionuclides,
transforming them into radioactive waste. Over
time, these spent resins undergo auto-irradiation
due to the presence of these radioactive nuclides.
This continuous radiation exposure can gradually
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Figure 4: Schematic diagram of the macro-to-micro
morphology of gel and macro-porous resin beads in the dry
and swollen state.
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damage the resin’s functional groups, potentially
compromising its performance. The extent of
radiation damage is influenced by the chemical
composition, ionic form, moisture content, degree
of crosslinking and the specific synthesis method
employed. In general, weakly acidic resins exhibit
greater radiation resistance compared to strongly
acidic resins.

The stability of these resins during their
long-term operational cycles or during storage as
active waste, can envisage situations simulating
their exposure to radiation doses which though
may not be very high, but can be for an extensively
long period.

The radiation stability and the extent of
degradation of macro-porous (Indion 790 cation
and Indion 810 anion) and nuclear grade gel
(Tulsion T 46 cation and Tulison A33 anion)
cation and anion resins are compared both
separately and in their mixed form. The following
nomenclature is used: M and G to represent
macro and gel form, CIX or AIX for cation and
anion exchange resins, respectively. Metal ion
(Cu* and Co*) loaded (prepared by equilibrating
resins with a high concentration of the metal ion
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solutions) macro-porous and gel cation resins are
assigned as MCIX/GCIX-Cu/Co and carbonate
loaded anion resins as MAIX-CO,*.

Figure 5 shows the change in pH and
conductivity of the dispersed water medium (2 ml
of resins were taken with 10 ml ultrapure water)
exposed to different doses with the wet and
swelled resins. The pH decreased continuously
with increasing absorbed dose for cations and
increased for anions.
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Figure 5: Variation of pH and conductivity in the aqueous
phases for macro/gel cation (a, b) and anion (c, d) resins
{MCIX (-m-), MCIX-Co (-e-), MCIX-Cu (- A-) and GCIX
(-V¥-)} as a function of absorbed dose (Inset in (a): pH
changes at lower doses).

The pH decrease was very fast at initial
doses of irradiation (shown in the inset) and
then tapered off at higher doses (beyond 100
kGy) indicating a faster acidity release. Within
an absorbed dose of 30 kGy the pH was ~ 3.5
for all the resins. After 1000 kGy, the final pHs
for MCIX-H (-m-), MCIX-Co (-e-), MCIX-Cu
(-A-) and GCIX-H (-¥-) resins were 1.91, 2.02,
2.23 and 2.0, respectively. Similarly, in the case
of anion resins, maximum increase in pH was
observed for macro anion resin in the OH form
(i.e. MAIX-OH) and a minimum in the carbonated
resins. The conductivity values of the aqueous
phase also increased with dose mainly due to
degradation and defunctionalization of all the
resin samples. CIXs released mainly SO,* ions
and AIX indicated the formation of NH,* ions
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along with lower organic acids. The H,O* (having
high molar ionic conductivity) are formed as the
counter ion to the SO, > and other acid anions from
the aqueous medium resulting in a pH decrease
in CIX, whereas OH" counter ions for NH,*
resulted in a pH increase in the case of AIX. Due
to the generation of more and more of these ionic
species with increasing absorbed doses, the overall
conductivity of the aqueous medium increased
(Figure 6). In metal-loaded resins (MCIX-Co and
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Figure 6: Variation of (a) [SO”], (b) [NH,'], and COD for
macro cation (c) and anion (d) resins, respectively, with dose.
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Figure 7: Change in the capacity of macro and gel resins
with dose.
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MCIX-Cu), Cu?* or Co** ions are coordinated with
other exchange sites and are strongly bonded,
rendering a lowering in SO,* release. The reason
behind selecting Cu?* and Co** was that there is
every possibility of copper ion release from the
corrosion of widely used copper alloys such as
cupronickel or Monel in the heat exchangers. In
case there is in situ irradiation from high gamma
from any radioactive nuclide, say radioactive
%Co, there is a possibility of metallic copper ion
release into the solution. Salt forms of resins with
variable valency metal ions are reported to be more
radiation resistant than H* forms [9,10].

This may be the reason for observing a
lower SO,* release in MCIX-Cu than MCIX-Co.
The formation of lower organic acids (formate
and acetate) also resulted in increased chemical
oxygen demand (COD) values [11]. The ion
exchange capacity of the resin decreased with
dose for AIX. On the other hand, the capacity
first decreased and then showed a slight increase
in the case of CIX. After a dose of 160 kGy, the
capacity of cation exchange resins decreased by
23% and 40% for macro-porous and gel-type
cation exchange resins, respectively. This is
shown below in Figure 7. An increase in capacity
at higher doses may be due to the formation of
new weak-acid functional groups, which can
act as additional exchange sites on irradiated
IX resins. About 20-65 % loss in the exchange
capacity is reported in nuclear grade sulfonated
polystyrene - DVB (4 %) cationic resins [12].

The surface morphological changes on the
resins were observed after irradiation and the FE-
SEM images are given in Figure 8. It shows some
bulging-like features after irradiation in MCIX-H

Figure 8: SEM images of macroporous and gel resins after a dose of 1000 kGy.
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resins along with broken resin particles, whereas
no visible change was observed in GCIX-H
resins. Extensive oxidation during irradiation can
contribute towards the agglomeration of resins
or accumulation of gases which can be the reason
behind the bulging-like features in MCIX-H.
MAIX resins showed severe surface abrasion
with cracked and spalled smaller fragments.
These powdered forms of resin can plug the flow
lines or form channelling in the resin column
affecting the under-utilisation of total exchange
capacities. This cracking or spallation can be
due to the pressure build-up during radiolytic
gaseous product formation namely H, O, CO,
CO,, SO, NH, and various hydrocarbons. The
yield and process of formation of these gases is
difficult to predict as it is influenced by the type
of resin, absorbed dose, degree of cross-linking,
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Figure 9: Percentage of H, generated from IX irradiation.
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surrounding atmosphere, energy transfers and
steric effects. The cation exchanger canister is
reported to reach a pressure of 200 psi at about 2
X 10* kGy of exposure [12]. The major molecular
products hydrogen and hydrogen peroxide yield
is expected to increase in the presence of resin as
the aqueous medium conductivity increases [13].

A comparison plot for hydrogen generated
due to gamma irradiation of various resin
samples to varying doses is shown in Figure 9.

An equal volume of ultrapure water
without resin was taken as a blank to show the
contribution from pure water radiolysis to the
total volume of generated hydrogen. It was
found that the amount of hydrogen (given as the
percentage of hydrogen in the total headspace
volume) linearly increased with the absorbed
dose for all the resin samples.

The H, yield was observed to be higher for
AIX than CIX due to the formation of extra H,
from the quaternary ammonium group and was
highest for GAIX-OH. The variation in the H,
yield can be due to the difference in the linear
energy transfer properties in varied compositions
and densities of the polymers. Metal ion-
substituted macro-porous resins showed a slight
lowering in hydrogen yield. The variation in
H, yield from different type of polymer makes
it difficult to predict the H, generation during
operation. For instance, the G-value for H, is
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Figure 10: Change in (a) conductivity (b) COD after oxidative treatment with H,O,.
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0.342 pM J* in polyethylene and 0.0034 uM ] for
polystyrene [14]. On the contrary, H,0, yield was
observed only with CIX resins and was highest for
GCIX-H. With anion resin or mixed bed resin, no
measurable H,O, yield was noticed. When resins
were exposed to H,O, (~20 ml of 200 ppm with 5
ml resin) almost complete decomposition of H,O,
was observed instantly for both macro-porous
(MAIX) and gel type (GAIX) anion resins and also
for their mixed bed counterparts whereas, in the
case of cation resins decomposition of H,O, was
only about ~35-40 %. Figure 10 shows the change
in conductivity and COD values from the above
environment. Only the hydroxide form of the resin
was reported to absorb peroxide to a great extent
as compared to CO,? forms [15].

3. Conclusions

Variations in system pH and temperature
can influence the rates of oxide film growth
and dissolution without affecting the oxide
composition. On the other hand, gamma radiation
significantly impacts the corrosion behavior and
nature of the oxide film formed by increasing the
electrochemical potential at the oxide-aqueous
interface. This alteration in electrochemical
potential dictates the formation of specific oxide
phases on the steel surface. Under mildly basic
conditions, the presence of ionizing radiation
promotes the formation of a more protective
passive film consisting of a mixture of Fe,O,
and y-Fe,0,. Prolonged exposure to radiation
can embrittle carbon steel, reducing its ductility
and careful monitoring and periodic inspections
are crucial to ensure the safety and reliability of
the components. High-dose gamma irradiation
of ion exchange resins induces chemical bond
breakage, leading to the formation of various
ionic species and gaseous products. While these
high doses may not be typical during normal
operation, significant radiation exposure does
arise from short-lived radionuclides (e.g., **N,
N) and longer-lived isotopes (e.g., ®°Co, ¥’Cs)
accumulated on the resins. This radiation damage
reduces ion exchange capacity and thus can
pose a threat of radionuclide release creating
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operational challenges.

Gel resins, due to their structural flexibility,
exhibit greater damage. The release of sulphate
ions from the sulphonic acid functional groups of
cation resins will lower pH, potentially impacting
the integrity of storage canisters. On the other
hand, the release of ammonium ions from the
ammonium functional groups of anion resins
will increase pH and H, generation. Hydrogen
gas generation requires proper venting to prevent
flammability. Dewatering of resin slurries
before disposal can minimize radiolytic product
generation and mixed bed resins also exhibit
lesser decomposition than their counterparts. A
clear knowledge of the acceptable dose limits for
different types of resins will facilitate informed
resin selection for specific applications.
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Abstract

Semiconductor quantum dots (QDs) are known for their unique optical properties resulting from

quantum confinement. The surface engineering of these QDs makes them promising candidates

for various optoelectronic applications. Unfortunately, the quantum yield (QY) of the QDs is

extensively influenced by the intrinsic fluorescence intermittency, which is also affected by ligand

engineering and the surrounding environment. The present study enlightens the understanding

of fluorescence intermittency in CdTe QDs (CQDs). Our results suggested the presence of

permanent dark particles by the protein surface engineering of the CQDs. These dark particles

do not fluoresce at any condition and lead to a substantial decrease in the overall QY of CQDs in

solution. The single-particle level analysis and fluorescence correlation spectroscopy (FCS) data

confirmed the existence of the “dark fraction” that contributed to the observed phenomena upon

protein conjugation.

1. Introduction

QDs, with a typical size of 2-10 nm, are a
class of nanoparticles that exhibit unique optical
properties due to the quantum confinement
effect.! QDs possess size-dependent energy
levels, resulting in tunable emission across the
electromagnetic spectrum. They also have very
high QY and narrow emission band, which
makes them a suitable candidate for various
optoelectronic applications. Ligand engineering?
and surface functionalization® further, make them
for photonic devices,* single-photon sources,’
and single-molecule localization microscopy.®
However, the intrinsic fluorescence intermittency
(blinking), which occurred by the sudden jump
from fluorescent “ON” state to non-fluorescent
“OFF” state, restricted their applications.’
Controlling the fluorescence intermittency in
QDs is extremely crucial for their long-term
applications. The low QY is often associated
with higher rates of non-radiative decay. The
presence of non-radiative pathways can lead to
the trapping of excitonic charge carriers, causing
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adrop in QY. These trap states are often linked to
various types of defects, such as crystal defects®
or surface defects.” QY can also be affected by the
photoionization of QD nanocrystals.'” When QDs
are excited by light, the formation of multiexcitons
leads to the creation of a charged trionic state, as
one hole or electron becomes trapped or ionized
at the surface. This trionic state typically exhibits
low or negligible QY, contributing to an overall
decline in QY.

Efforts to address these challenges have
focused on enhancing the QY of QD systems.
To passivate surface defects, QDs are often
functionalized with electron donor species,
such as sulfur-basedand they are brighter
and far more photostable than organic dyes.
However, severe intermittence in emission (also
known as blinking or nitrogen-based ligands."
Additionally, a shell of high bandgap material
may be formed around the QD core to prevent
electrons or holes from tunneling out."*'} very
little is known about CGASS QDs at the single
particle level. Photoluminescence blinking



ISRAPS Bulletin

dynamics of four differently emitting (blue
(Aem = 510 Ions are also used to fill trap states
in a manner similar to electron donor species.”
Furthermore, variations in trap state density at
different energy levels imply that the choice of
excitation wavelength can influence QY due to
differences in the trap states.'® Interestingly, some
studies suggest that increasing QD concentration
may enhance the accessibility of trap states
among different QDs, resulting in increased
fluorescence intermittency."”

In addition to fluorescence intermittency
and trionic states, some QDs in a solution may
not emit at all. This finding was first observed
using correlative fluorescence-AFM for various
QDs." A higher ratio of non-emitting QDs was
found in low QY QD solutions, while a lower
ratio was observed in high QY samples. Similar
results were noted in the solution phase, where
a non-radiant fraction of QDs was identified
using confocal fluorescence coincidence analysis
and FCS.Peasily excited fluorescence and high
photostability. Although the frequent erratic
blinking and substantial dark (never radiant
This non-emitting fraction is referred to as the
fluorescence “dark” fraction, as it absorbs light
without emitting it or emits very low-intensity
light, leading to an overall decrease in QY. This
dark fraction may coexist with fluorescence
intermittency and could be independent of
it. The fluorescent dark fraction is affected by
the pH of the solution, with lower pH levels
increasing its proportion.®® The presence of H*
ions is speculated to enhance the fluorescence
dark fraction. Other studies have confirmed
that H* ions increase dark fractions due to
surface functionalization, solvent interactions,
or ion interactions.?* Additionally, protein
self-assembly has been shown to cause QDs to
enter complete dark states.” The formation of
completely dark particles is attributed to very
rapid non-radiative processes, representing an
extreme case of the dark state; interestingly, this
process is reversible.

This article illustrates the bovine serum
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albumin (BSA) mediated tuning of single
particle blinking of water soluble CdTe QDs in
biocompatible phosphate buffered saline (PBS)
buffer. The ensemble data suggested a substantial
decrease in the fluorescence intensity of QDs that
leads to a decrease in the QY when conjugated
with the protein. On the contrary, single-particle
fluorescence analysis suggested an increased
“ON state” time upon protein conjugation. FCS
was very useful in understanding the underlying
mechanism of such discrepancy in ensemble and
single particle observations. FCS confirmed the
existence of a “dark fraction” that contributes
to the decreased QY in ensemble solution upon
protein conjugation. The overall PBS-BSA
media, with their rich electron center, showed
great potential to reduce the trap states, tune the
ON-OFF time, and finally increase the photons
per cycle substantially, leading to enormous
improvements in photon count rate at a single
particle.

2. Results and Discussion

Water-soluble colloidal CQDs were
synthesized using cadmium chloride
hemipentahydrate and sodium tellurite.*
Mercaptosuccinic acid was employed for surface
functionalization, while sodium borohydride and
hydrazine hydrate served as reducing agents. The
synthesized CQDs exhibited a broad absorption
spectrum from 200 to 450 nm, indicating a high
density of states in both the conduction and
valence bands, with a band edge absorption
peak around 560 nm (Fig. 1a). Under ambient
light, the CQDs appeared red, whereas they
emitted an orange color under UV illumination.
Their emission spectrum displayed a narrow
profile (FWHM ~50 nm) with a maximum
peak at approximately 580 nm (Fig. 1b). X-ray
photoelectron spectroscopy (XPS) analysis
confirmed the presence of cadmium, tellurium,
and sulfur in the CQDs (Fig. 1c). High-resolution
transmission electron microscopy (HR-TEM)
revealed that the CQDs have an average size of
3.8 nm (Fig. 1d).
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To understand the protein surface
engineering effect on the photoluminescence
properties of CQDs, they were first freeze-dried
and for a comparative study, three samples were
prepared by incubating 1 mg of freeze-dried
CQDs in 1 ml of water (W-QDs), 1 ml of 1X PBS
(P-QDs), and 1 mg of BSA in 1 ml of 1X PBS (BP-
QDs). To confirm the conjugation of BSA with
CQDs, FCS was utilized. The BSA-conjugated
CQDs displayed a larger size and mass compared
to the bare CQDs, which resulted in slower
diffusion rates. FCS analysis of W-QDs and BP-
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Fig. 1: (a) UV-Vis absorption spectrum for CQDs with
band edge absorption at ~560 nm. (b) Fluorescence
emission spectrum with emission maxima at ~580 nm. (c)
XPS survey spectrum showing the presence of cadmium,
tellurium and sulphur in CQDs. (d) HR-TEM showing
CQDs with inset showing fringes of CdTe lattice.
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QDs revealed a diffusion time that supported
the successful conjugation of BSA to the CQDs,
indicated by an increase in diffusion time from
174 to 237 microseconds as seen in Fig. 2a. The
(-potential measurements (Fig. 2b) indicated that
W-QDs had a high value of -36.6 mV. However,
this value decreased in P-QDs due to the presence
of ions in PBS, resulting in a {-potential of -14.8
mV. BP-QDs displayed an even lower {-potential
of -7.8 mV. This measurement is similar to that
of BSA in a PBS solution, which is -7.5 mV. This
similarity suggests a complete overlap of BSA on
the surface of the CQDs. The circular dichroism
(CD) spectrum in Fig. 2¢ also showed distinctive
peaks at 208 and 222 nm for both BP-QDs and
BSA in PBS only, indicating that the a-helicity of
the BSA structure was preserved.

Next, we performed ensemble photophysical
studies of these CQDs. The UV-Vis absorption
spectrum for P-QDs and BP-QDs closely
resembled that of W-QDs, as seen in Fig. 3a, with
BP-QDs exhibiting a small peak around 280 nm
(Fig. 3a inset) corresponding to the absorption
of tryptophan, present in BSA. The emission
spectrum profiles of all CQDs appeared similar,
suggesting that the emission originated from
comparable quantum states across the systems
(Fig. 3b). The photoluminescence quantum yield
(QY) was measured at 488 nm excitation, yielding
33% for W-QDs. This QY increased slightly for
P-QDs to 36% but decreased significantly to 19%
for BP-QDs (Fig. 3c). BP-QDs had previously
been utilized for super-resolution microscopy
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Fig. 2: (a) Diffusion time for CQDs increases with the increase in BSA concentration. (b) (-potential of W-QDs, P-QDs,
BP-QDs and BSA in PBS. (c) CD spectrum for BSA in PBS and BP-QDs suggesting intactness of a-helicity in BP-QDs
similar to BSA in PBS.
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Fig. 3: (a) UV-Vis absorption spectrum of W-QDs, P-QDs, and BP-QDs showing the same band edge absorption. The inset
shows a small peak at 280 nm from tryptophan of BSA. (b) fluorescence emission spectrum showing increased emission
in P-QDs and decreased emission intensity in BP-QDs. (c) QY in W-QDs, P-QDs and BP-QDs.

of lysosomes, but the decrease in QY could not
be fully explained earlier through bulk studies
alone.” Consequently, we conducted single-
particle fluorescence studies. Very dilute samples
of W-QDs, P-QDs, and BP-QDs were first spin-
coated onto a glass coverslip and excited using
a 532 nm laser with total internal reflection
fluorescence (TIRF) illumination. The emitted
light was captured using a high numerical
aperture (NA 1.49), 100x oil immersion Nikon
objective. The captured light contained both
excitation and emission, which were separated
using a high-pass dichroic filter. The emission light
was then directed toward an electron-multiplying
charge-coupled device (EMCCD) camera filtered
with a 580/70 bandpass filter. We captured
several videos consisting of approximately 10,000
frames taken at 50 ms intervals (20 fps). Each
video featured 70-120 individual CQDs spatially
separated. We analyzed these videos using
MATLAB and Image] macro language scripts.
The QDs demonstrated significant fluorescence
intermittency, with the fluorescence emission
from individual CQDs switching ON and OFF
stochastically.

We analyzed nearly 400 W-QDs, P-QDs,
and BP-QDs by examining their fluorescence
intensity-time traces and studying the ON-OFF
time distribution and finally calculated the total
photons coming out from single QDs. Fig. 4a-c
presents representative time traces for W-QDs,
P-QDs, and BP-QDs, respectively. W-QDs
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exhibited very short bursts of photons, while
P-QDs and BP-QDs displayed longer ON dwell
times. We extracted individual ON-OFF times
from all analyzed QDs and compiled the data into
histograms in Fig. 4d and Fig. 4f. Fluorescence
ON and OFF times are fitted with truncated
power law and inverse power law (Fig. 4e and
Fig. 4g) with the below equations.

Truncated Power Law: Payene = @ X tafS, X e Klevent (1)

Power Law: Peyent = @ X tayent - - (2)

The fluorescence ON time distribution
followed a truncated power law, while
W-QDs and BP-QDs exhibited inverse
power law behavior (Equation 2). ON time
statistics indicates the trapping rate, and OFF
time statistics suggest the detrapping rate
of excited state electrons in different time
scales. It is observed that the short ON times
for all three QDs are similar (yellow region,
Figure 4e), while the long ON of P-QDs and
BP-QDs is significantly different from W-QDs
(blue region, Figure 4e). The long ON times
increased from W-QDs to P-QDs and BP-
QDs. This data suggests that the trapping rate
in all QDs is the same at lower time scales,
while the trapping rate decreased for P-QDs
and BP-QDs significantly at higher time
scales in comparison to W-QDs. On the other
hand, the OFF-time statistics are found to
follow the inverse power law for all QDs (Eq
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Fig. 4: (a) Representative fluorescence intensity time traces from single (a) W-QD, (b) P-QD, and (c) BP-QD. ~400
W-QDs, P-QDs, and BP-QDs were analyzed, and (d) ON times and (f) were histogrammed. (e) ON and (g) OFF times
were fitted with inverse power law and truncated power law.

2). Here, both short OFF (Figure 4g, yellow)
and long OFF (Figure 4g, blue) times were
different for all three QDs, suggesting that
detrapping rate was affected significantly
both at lower and higher time scales. Both
short and long OFF times decreased from
W-QDs to P-QDs and BP-QDs. This data
suggests that detrapping rate is increasing
for P-QDs and BP-QDs, notably both at
lower and higher time scales. The distinction
between short (yellow region) and long
(blue region) times indicates the presence of
two different types of trap states. One state
is influenced by the external environment,
while the other is not affected. It could be
proposed that one of the states, originating
from surface-associated defects, is accessible
to PBS ions and BSA present on the surface.
These can be termed surface accessible (SA)
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trap states, which are responsible for the long
ON/OFF observations (blue region). The
other states, attributed to core-related defects,
can be called as surface inaccessible (SI) trap
states, resulting in observations within the
yellow region.? This is plausible since PBS
and BSA can fill the SA trap states with
electrons, thereby altering the trapping and
detrapping rates from these states, leading to
the observed long ON/long OFF times. The
power law exponent, denoted as ‘m_,,” was
found to be highest for P-QDs and lowest for
W-QDs (as shown in Table 1). This implies
that electrons can more easily detrap from the
trap states in P-QDs and BP-QDs compared
to W-QDs. Additionally, the smaller values of
m . in all three QDs relative to their monomer
signifies that longer OFF events are more
likely to occur than prolonged ON events.
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Table 1: The power law fitting exponent for
W-QDs, P-QDs, and BP-QDs when excited
with a 532 nm laser.

Sample\ m m ¢
Parameter on off c
W-QD 1.75 152 | 1.23s
P-QD 1.8 1.76 —
BP-QD 1.77 1.68 _—
(&) “ [{5]
%12‘ _mm
g &
g " Eﬂﬁ

Fig. 5: Photon counting statistics from W-QDs, P-QDs,
and BP-QDs. (a) average of the total photons and (b) average
photons/cycle collected from ~400 QDs.

Interestingly, it was also observed that
although the total number of photons did not
change significantly at the single-particle level
for the CQDs, the number of photons per cycle
increased more than three-fold when comparing
W-QDs to BP-QDs. W-QDs emitted an average
total of approximately 10000 photons, P-QDs
emitted about 12000 photons, and BP-QDs
emitted around 14000 photons (Fig. 5a). The
photons per switching cycle were approximately
700 for W-QDs, 1350 for P-QDs, and 2100 for
BP-QDs (Fig. 5b). The total photon counts
increased slightly in the CQDs environment,
whereas the photons per cycle increased by
approximately threefold at the single-particle
level. Conversely, at the ensemble level, CQDs
displayed different results, with the quantum
yield (QY) slightly increasing from W-QDs to
P-QDs before drastically decreasing in BP-QDs.

The decrease in QY may be attributed to
four main factors: (1) a decrease in brightness
(photon counts) of the CQDs;¥ (2) a decrease
in the fluorescence ON time of the CQDs;* (3)
an increase in the fluorescence dark fraction of
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the CQDs;" and (4) a combination of all or part
of factors 1-3.2°% The fluorescence dark fraction
absorbs light but does not emit it. In this study, we
observed an increase in fluorescent ON times, an
increase in photons per cycle, and total photons,
indicating that points (1), (2), and (4) are not
relevant here. This supports the possibility of a
fluorescent dark fraction present in the solution,
which could explain the discrepancy in ensemble
and single-particle fluorescence studies. The
confirmation of this fluorescent dark fraction
was established through detailed FCS analysis.
At very low power, the FCS decay followed a
pure diffusion model. By fitting the FCS curves
for W-QDs and BP-QDs, we found that as the
concentration of BSA in the solution increased,
the number of emitters in the confocal volume
decreased, while the concentration of CQDs
remained constant across all solutions. This
decrease in the number of emitters in the confocal
volume suggests that a portion of BP-QDs entered
a completely dark state. Additionally, it was
noted that even with the same final concentration
of QDs in all solutions, the spin-coating process
did not yield the same density of dispersed QDs.
Nearly three times the volume of BP-QDs was
required to obtain the same density as W-QDs.

The proposed mechanism of trapping and
detrapping is illustrated in Figure 6. Typically,
one or two electron-hole pairs are generated
following the absorption of photons by QDs. The
radiative recombination of these pairs leads to
the radiative ON state. However, when excited,
QDs usually exhibit a positive charge.29,30 This
has been attributed to the trapping of electrons
from an exciton or biexciton pair in surface or
core-related trap states (SA or SI), resulting in a
system rich in holes. This condition prevents the
radiative recombination of excitons, generating a
trionic OFF state and leading to high fluorescence
intermittency with a short OFF state. In the
context of BSA, the negative charge present at
pH 7, along with the combination of electron-
donating amino acids, can contribute to the
prefilling of trap states by PBS, which results
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Figure 6: (1) Represents the biexcitonic state resulting
in fluorescence “ON” state in QDs in water. (b) Shows
the generation of trionic state, which is the reason for the
fluorescence “OFF” state. (c and d) Show the plausible
reason for the change in blinking behaviour due to the
presence of negative ions in PBS. This prefills the SA trap
states, making them inaccessible for excited state carrier
electrons. SI states are not affected by the environmental
factors, (e) elucidates the plausible reason for brighter
fraction and enhanced “ON” time in BP-QDs, and (f)
Elucidates the reason for the generation of dark fraction due
to which fluorescence intensity and QY reduces.

in the bright fraction. It has been shown that
positively charged species, such as H+ ions, when
in excess, can shift the band position of trap states
to alower energy level.19,20 This shift facilitates
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electron trapping while making detrapping
more challenging, thereby generating a higher
number of dark states. The reduction in the band
position of trap states may be more significant
in BSA due to its physical interaction with QDs,
which effectively decreases its surface energy.
Consequently, a lower amount of dark fraction
was noted in P-QDs due to the presence of anions
in PBS solution, whereas an increased amount of
dark state fractions was observed in BP-QDs. The
bulk fluorescence intensity and quantum yield
were lower in BP-QDs, necessitating a greater
volume of the BP-QDs sample for spin coating
to achieve the same density on glass coverslips
as W-QDs for single molecule measurements.
These observations corroborate the generation
of dark fractions in BP-QDs, while the increase
in photons per cycle confirms the presence of the
bright fraction.

3. Conclusion

In this study, we analyzed the fluorescence
of CdTe quantum dots under protein surface
engineering various. Our ensemble photophysical
studies revealed a slight increase in quantum
yield for quantum dots in PBS buffers, while it
decreases substantially when conjugated with
protein. Interestingly, single-particle fluorescence
studies showed longer ON times and shorter OFF
times for protein conjugated CdTe with enhanced
brightness. Through systematic studies at both
bulk and single-particle levels, we identified the
reasons for this discrepancy. This mismatch in
fluorescent properties between ensemble and
single-particle levels suggested the presence of a
fraction of quantum dots that remain completely
dark, referred to as the “dark fraction.” This
was further confirmed by a highly sensitive
fluorescence correlation spectroscopy study.
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Abstract

A strong pseudo[2]rotaxane complex involving secondary ammonium salt 1-H PF, and a biphenyl-
23-crown-7-ether (BP23C7) is reported, with an association constant value equal to 1.6 x 10° M.
Both the dialkylammonium salt 1-H PF, and the macrocycle BP23C7 are comprised of fluorophores,
i.e., anthracene and catechol respectively. Energy transfer from BP23C7 to 1-H PF, is observed at
the excited state in the pseudo[2]rotaxane complex, leading to fluorescence quenching of BP23C7
and consequent fluorescence enhancement of anthracene. Exposure to fluoride and chloride
anions disassembled the pseudo[2]rotaxane complex, invoking fluorescence recovery in BP23C7
and concomitant fluorescence quenching in anthracene due to ion-pair formation. To discriminate
between the hard halide anions, a metastable [2]rotaxane (3-H PF,) is synthesized, which involves
23-crown-7-ether (23C7) macrocycle interlocked with an axle comprising anthracene and cyclohexyl
stoppers. The [2]rotaxane, 3-H PF,, exhibited deslippage of 23C7 only in presence of fluoride anions,
resulting in dramatic fluorescence quenching. Adding excess amount of chloride, bromide and
iodide anions did not perturb the [2]rotaxane architecture. Furthermore, this system could be used

for detecting fluoride anions in acetonitrile-water (v/v = 99/1) down to 7.36 x 107 M.

1. Introduction

Non covalent forces such as hydrogen-
bonding and electrostatic interactions are directed
toward creating interpenetrated supramolecular
architectures, i.e., pseudo[2]rotaxanes, which can
be covalently captured to obtain mechanically
interlocked molecules (MIMs) by organic
transformations."? The simplest topology of MIMs
are catenane and rotaxane. A pseudo[2]rotaxane
architecture constitutes an axle penetrated
through the cavity of a macrocycle due to
intercomponent non covalent interactions. A [2]
rotaxane is obtained upon kinetically locking the
macrocycle by stoppering the termini of the axle
of a pseudo[2]rotaxane (Figure 1a). In addition a
[2]rotaxane could also be generated by protocols
such as “slippage” of a macrocycle over an axle
and “clipping” of macrocyclic precursor over an
axle (Figure 1b & 1c).

Typically weak non-covalent interactions
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present in pseudo[2]rotaxanes and [2]rotaxanes
are exploited to cause disassembly of the
axle and macrocycle components, making
such molecules ideal candidate for stimuli-
responsive investigations.®> Consequently, an
array of application as responsive polymers,*
responsive nanofibres,® fluorescent sensors,®
anion sensors,” molecular electronics,® molecular
information ratchet,’ metal-organic frameworks,"
superbases,'’ mechanically chiral molecules,'?
catalysis," nanovalves,' controlled drug release,'
molecular switches and machines,'® have been
reported. However, fluoride anion responsive
studies with rotaxane remain limited. Although
fluoride anion is crucial for maintaining dental
and skeletal health in animals, but excessive
intake of fluoride can lead to fluoride toxicity
or fluorosis.”” Developing selective fluoride
anion sensors are challenging especially due
to the difficulty in distinguishing between two
closely related hard anions fluoride and chloride.



ISRAPS Bulletin

Vol. 37, Issue Number 1 & 2

January, 2025

a) Ihre.ulm;, . X 2 B
. : @
Axle ° Stnppermtv
Wheel Pseudo|2]rotaxane |2]Rotaxane
b
) Slippage =
0™ -0 @
Axle Wheel |2]Rotaxane
<)
OL-002=0-O@
] - -
Axle :
Wheel
e [2]Rotaxane

Figure 1: Cartoonic representation of protocols for synthesis of [2]rotaxane: a)Threading-followed-by-stoppering, b)

slippage and B) clipping.

So far, rotaxane-based fluoride anion sensors
employed three strategies. An earlier strategy
relied on binding of fluoride in the preorganized
binding pocket of a [2]rotaxane.’ Self-immolative
rotaxane involved silyl ether stoppers which
destructively reacted with fluoride anion leading
to dethreading of the axle from the macrocycle
cavity, causing a change in fluorescence output.”
Lastly, bistable [2]rotaxane involved macrocycle
switching from one recognition station to another
in presence of fluoride anion, triggering a change
in NMR as well as fluorescence spectroscopy.?
However, the selectivity and response time in
such prior arts need improvement. To address the
above issues, we designed a pseudo[2]rotaxane
(1-HCBP23C7 PF,), a metastable [2]rotaxane (3-
H PF), and extensively investigated their halide
anion-responsiveness.

2. Results and discussion

Anthracene terminated pseudo[2]rotaxane
1-HCBP23C7-PF,

Herein, we use an equimolar mixture of
biphenyl-23-crown-7-ether (BP23C7) and an
anthracene stoppered dialkylammonium salt
1-H PF, for generating a pseudo[2]rotaxane
1-HcBP23C7 PF, (Figure 2). BP23C7 is an
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Figure 2. 'H NMR (500 MHz, CDCL/CD.CN =11:1,
5mM) spectra of (i) 1-H-PF,, (ii) Equimolar mixture of
1-H-PF and BP23C?7, (iii) BP23C7. Dotted lines are drawn
to indicate the presence of complexed and uncomplexed
species, highlighting the formation of the pseudo[2]rotaxane

species 1-HCBP23C7-PF,.

aromatic crown ether and exhibits fluorescence
due to the presence of catechol moiety. The
dialkylammonium salt (1-H PF,) comprised of
hexyl end group threaded through the cavity
of BP23C7, which resulted in the appearance
of complexed (H, ) and uncomplexed benzylic
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Figure 3. (a) Absorption spectrum (CH,Cl,, 298 K) of BP23C7 (2 x 10° M); (b) Fluorescence spectrum (A

CH,CL,, 298 K) of BP23C7 (2 x 10° M).

protons (H, ) in NMR spectroscopy (Figure
2(ii)), unambiguously indicating the pseudol[2]
rotaxane geometry. All the aromatic protons (H,_
;) of the axle 1-H PF, displayed both complexed
and uncomplexed protons, with the complexed
protons being upfield shifted (Figure 2(ii)).
Similarly, the aromatic protons (H_,) of BP23C7
experienced both upfield and downfield shifts
(Figure 2(ii)). The ethylene glycol protons (of
BP23C7) exhibited complexed and uncomplexed
peaks, ranging from 2.7-4.3 ppm, which also
included the complexed (H, ) and uncomplexed
peak (H, ) of the axle 1-H PF_. All the above
observation implies the pseudo[2]rotaxane
1-HcBP23C7 PF, formation is slow on NMR
timescale. Furthermore, the nominal ESI-MS
spectrum of the equimolar mixture of BP23C7
and salt1-H PF, displayed a strong peak at n/z =
724.5, corresponding to the monocationic species
1-H'cBP23C7 [M-PF,J*.

To the best of our knowledge, photophysical
studies with BP23C7 has never been reported.
The absorption spectrum of BP23C7 in
dichloromethane provided A__ at 282 nm
(Figure 3a) and excitation of the same solution
at 270 nm afforded a fluorescence band from
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=270 nm,

exc

300-400 nm with a A__ at 340 nm (Figure 3b).
Spectrofluorometric experiments involving
BP23C7 and axle 1-H PF, are performed in
dichloromethane solution in the concentration
range of 10° M. Upon one equivalent addition of
the axle 1-H PF, to a 2 x 10° M solution of BP23C7
in dichloromethane, significant fluorescence
quenching of BP23C7 is observed along with
the sensitization of anthracene fluorescence (A_
= 270 nm), which is due to the energy transfer at
the excited state (Figure 4b).?"** Further addition
of one more equivalent of the axle 1-H PF, led to
complete quenching of the BP23C7 fluorescence
and consequent fluorescence sensitization of
the anthracene. Corresponding absorbance
study of the 1:1 mixture of BP23C7 and the axle
1-H PF, (2 x 10° M) in dichloromethane, reveals
typical absorption peaks of both BP23C7 (A
= 282 nm) and anthracene moiety (A _ = 355,
370, and 390 nm) in the absorption spectrum
(Figure 4a, dashed line). Figure 4a also depicts
the absorbance of the 1:2 mixture of BP23C7 and
the axle 1-H PF, (solid line), highlighting the
increase in absorbance of the anthracene band
corresponding to increase in concentration of the
axle 1-H PF, (4 x 10° M).
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Stimuli-responsive investigations of
1-HCBP23C7-PF,

The energy transfer from BP23C7 to the
anthracene moiety is possible due to their
proximity in the pseudo[2]rotaxane species
1-HcBP23C7 ‘PF,. Any stimulus which
favours the dissociation of pseudo[2]rotaxane
1-HcBP23C7 PF, will thus possibly be detected
through fluorescence recovery of the BP23C7 in
this system. Thus, we contemplated to use this
pseudol[2]rotaxane system (1 eq. BP23C7 + 2 eq.
1-H PF)) for fluoride anion and chloride anion
sensing (Figure 5a). As anticipated, addition
of two equivalents of TBAF (i.e. one equivalent
w.r.t. to the axle 1-H PF) to this system, resulted
in the fluorescence “turn-on” of BP23C7 with
concomitant decrease in the fluorescence
intensity of the anthracene band (Figure 5c). This
is caused by the formation of an ion-pair 1-H ‘F
followed by neutralization in dichloromethane,
leading to the dissociation of BP23C7 from the
pseudo[2]rotaxane geometry and consequent
fluorescence recovery of BP23C7.? Further
addition of TBAF did not alter the fluorescence
output, indicating saturation. Surprisingly, the
anthracene fluorescence band has significantly
quenched. This phenomenon cannot be solely
due to the dethreading of the anthracene axle
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1-H" from the BP23C7 cavity but also due to the
generation of the neutral amine 1 in the non-polar
medium.

Next, we investigated the effect of chloride
anion addition into the pseudo[2]rotaxane system
(1 eq. BP23C7 + 2 eq. 1-H PF,). Upon addition of
two equivalents of TBACI to this system (i.e. one
equivalent w.r.t. to axle 1-H PF,), fluorescence
“turn-on” of BP23C7 has been observed yet
again along with simultaneous decrease in the
fluorescence intensity of the anthracene band
(Figure 5¢). This is caused by the formation of
an ion-pair 1-H -Cl in dichloromethane, leading
to the dissociation and fluorescence recovery
of BP23C7. Further addition of TBACI did
not alter the fluorescence output, indicating
saturation. The observations for TBAF and TBACI
additions to the pseudo[2]rotaxane system are
very similar as far as the fluorescence “turn-
on” output of BP23C7 is concerned. However,
a striking difference between the two can be
observed by zooming into the anthracene
band, where for the same concentration, TBAF
addition resulted in more than 50% quenching
than the TBACI addition (Figure 5c). The
corresponding absorbance data, after addition of
both TBAF (solid line) and TBACI (dashed line)
to the pseudo[2]rotaxane (1 eq. BP23C7 + 2 eq.
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Figure 5. a) Scheme depicting dissociation of pseudo[2]rotaxane species 1-HCBP23C7-PF  in presence of stimuli (TBAF
and TBACI); b) Absorption spectra (CH,CL,, 298 K) of BP23C7 (2 x 10° M) + 2eq. 1-H ‘PF, + 2eq. TBAF (solid), and

BP23C7 + 2eq.1-H ‘PF  + 2eq. TBACI (dashed); c) Fluorescence spectra (A

=270 nm, CH,ClL,, 298 K) of BP23C7 (2 x 10°

M) + 2eq. 1-H ‘PF, (black), BP23C7 + 2eq. 1-H ‘PF, + 2eq. TBAF (red), and BP23C7 + 2eq. 1-H ‘PF + 2eq. TBACI (blue).

1-H PF,) system, can be observed in figure 5b. To
corroborate the formation of an ion-pair 1-H -CI
and its reduced tendency to bind with BP23C7,
association constant evaluation by fluorescence
titration was done with both 1-H PF, and 1-H Cl.
The change in fluorescence quenching of BP23C7
was plotted with increasing guest concentrations
(Figure 6a & 6¢). The association constant values,
evaluated using Benesi-Hildebrand equation
indicates 10-fold weaker binding constant for
1-H Cl with BP23C7 in comparison with 1-H PF,
(Figure 6b & 6d). Therefore, it is not surprising
that the addition of TBACl triggered dissociation
of 1-HCBP23C7 -PF,.

As we understand, a simple pseudo[2]
rotaxane species 1-HCBP23C7 PF, can detect
both fluoride and chloride anions at low

55

concentrations (~10° M). Although fluorescence
recovery of BP23C7 for both fluoride and chloride
anions are same for the same concentration,
the distinguishing feature between the two lies
in the extent of quenching of the anthracene
fluorescence band. However, this feature alone
may not be enough to distinguish between the
fluoride and chloride anions. Consequently, we
contemplated to use a dialkylammonium salt
terminated with a bulkier end group to increase
the resistance of the macrocycle from undergoing
extrusion, which may bring about selectivity in
halide anion-responsive studies.

Synthesis of a [2]rotaxane 3-H-PF,

A dialkylammonium axle comprising
cyclohexyl end group and anthracene stopper,
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Figure 6. a) Plot of change in fluorescence quenching of BP23C7 with concentration of 1-H ‘PF; (b) Benesi-Hildebrand
plot from fluorescence titration data of (a); c) Plot of change in fluorescence quenching of BP23C7 with concentration
of 1-H -Cl; d) Benesi-Hildebrand plot from fluorescence titration data of (c). The concentration of BP23C7 is 2 x 10° M.

2-H-PF,, was chosen. Equimolar mixture of
2-H-PF, and o-xylene-capped [23]crown-7-
ether (X23C7) did not generate any pseudol2]
rotaxane complexed species (scheme 1). A more
flexible alternative of [23]crown ether (23C7H,)
failed as well to generate a pseudo[2]rotaxane
with 2-H-PF,, projecting cyclohexyl moiety
as stoppers in [2]rotaxanes with [23]crown
ether. Consequently, a [2]rotaxane synthesis
was attempted with ring-closing-metathesis
(RCM) of diolefin terminated precursor of [23]
crown-7-ether (P23C7)* in the presence of axle
2-H-PF, (Scheme 1). Two equivalents of P23C7,
Grubbs second generation catalyst (5 mol %)
and refluxing in dichloromethane for 60 hours,
followed by quenching and purification, afforded
the pure isolated [2]rotaxanes, 3-H-PF, (79%).

The stacked '"H NMR spectra (Figure 7)
indicates the formation of a [2]rotaxane, 3-H-PF,.

Downfield shift of the axle protons, upfield shift
of the 23C7 protons and splitting of the H, protons
of 23C7 into H, and H_, denote the interlocked
nature of the [2]rotaxane 3-H-PF, (Figure 7(ii)).
The glycol protons exhibited splitting as well.
NOE cross peaks correlated the glycol protons of
23C7 with the aromatic (H,, H,), benzylic (H,) and
cyclohexyl (H,) protons of the axle in 3-H-PF,.
In addition, peak at m/z = 638.4042 along with
isotopic distribution in the HR ESI-MS spectrum,
unambiguously confirmed the isolation of pure
[2]rotaxane 3-H-PF,.

Kinetic stability of 3-H PF, in C,D,Cl, at high
temperature

Subsequently, the integrity of the [2]rotaxane
3-H PF, in non-polar media (tetrachloroethane-d,,
C,D,Cl,) was investigated. On heating a 10
mM solution of 3-H PF, in C,D,Cl, up to 373

No P[2]R
Observed

No P[2]R
Observed

(0 o/\/
0 P23C7 N
&0 o\) ‘ o 0\ :>
ﬁ w e
PCy; 3-H-PFg

dry DCM, reflux, 60 hours, 79%

Scheme 1. Axle 2-H ‘PF, failed to thread through the cavity of X23C7 and 23C7H, to generate pseudo[2]rotaxane. Ring-
closing-metathesis (RCM) with P23C7 in presence of 2-H ‘PF  afforded a [2]rotaxane, 3-H ‘PF .
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Figure 7. '"H NMR (500 MHz, CDCIL,, 10 mM) of (i) axle 2-H ‘PF; (ii) [2]rotaxane 3-H ‘PF ; (iii) 23C7. Dotted lines
indicate the downfield shifts experienced by the axle component in [2]rotaxane 3-H ‘PF . The upfield shifts and splitting

are observed for 23C7 crown ether.

K, neither free macrocycle
(23C7) nor free axle (2-H PF))
could be observed. None of
the proton NMR peaks of
3-H PF, displayed any shift,
splitting or coalescing, during
the entire process of heating
from 293 K to 373 K (Figure
8), demonstrating the kinetic
stability of this [2]rotaxane
in non-polar media. Based
on the ability of secondary
ammonium moieties to
undergo ion-pair formation
with halide anions in non-polar
media,® we contemplated to
investigate the kinetic lability
of 3-H PF, in presence of
halide anions in CDCl, at room
temperature.

Stimuli-responsive
investigations of 3-H-PF,

Accordingly, a 10 mM
equimolar mixture of 3-H-PF,
and TBAF was instantaneously
characterized by 'H NMR
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Figure 8. Stack '"H NMR (500 MHz, C,D,Cl,, 10mM) spectrum of [2]rotaxane
3-H ‘PF, at 1) 298 K; ii) 313 K; iii) 333 K; iv) 353 K; v) 373 K. There is neither
generation of new peaks corresponding to the free axle and 23C7, nor any peak shift

observed until heating at 373 K.
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Figure 9. 'H NMR (500 MHz, CDCIL,, 10 mM) of (i) 3-H-PF, + 1.0 eq. TBACI; (ii) 3-H-PF ; (iii) 3-H-PF ,+ 1.0 eq. TBAF;
(iv) 23C7; (v) 3-H-PF, + 1.0 eq. TBAI; (vi) 3-H-PF, + 1.0 eq. TBABr.

spectroscopy (Figure 9(iii)), which displayed
peaks corresponding to the free 23C7 and
neutralized axle 2. As expected, fluoride ion-pair
assisted deslippage followed by neutralization,?
generated axle 2 and HF. The coalescence of H , &
H_ into H,, merging of glycol protons, downfield
shift of H_  to H, is possible only with the
generation of the free macrocycle (Figure 9(iii)),
whereas the axle protons exhibited upfield shift
w.r.t. 3-H-PF, and the peak for benzylic protons
H, appeared to be a singlet instead of a multiplet
H,. Subsequently, equimolar mixture of TBACI
and 3-H-PF, was investigated. Surprisingly, the
'H NMR spectrum indicates neither deslippage
of the macrocycle 23C7 nor generation of the ion-
pair 2-H-Cl (Figure 9(i)). Adding one equivalents
of TBABr failed to induce deslippage, as the
proton NMR spectrum of the mixture remained
identical (Figure 9(vi)). Investigation with softer
halide anion TBAI neither produced free 23C7
macrocycle nor generated ion-pair 2-H-I (Figure
9(v)), showcasing the fluoride anion selective
metastability of 3-H-PF !
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Buoyed by the selective metastability
exhibited for fluoride anions, we intended to
exploit the fluorescence response of anthracene
moiety in 3-H-PF, for the same. Consequently,
control study of the axle component, i.e. 2-H-PF,,
was performed with TBAX (X = F, Cl, Br, ) in
dichloromethane (Figure 10). Severe fluorescence
quenching of anthracene band was observed
upon adding one equivalent TBAF (Figure 10a),
which remained constant upon further addition,
indicating saturation attained. Formation of
tight ion-pair in non-polar medium such as
dichloromethane, with consequent neutralization
resulted in the generation of neutral axle 2,
which accounts for fluorescence quenching via
photoelectron transfer (PET) to the anthracene
moiety.” The TBACl addition led to the generation
of ion pair 2-H-Cl in dichloromethane, which
caused blue shift of the anthracene band by 3 nm
(Figure 10b). Next, TBABr addition produced
the ion-pair 2-H-Br in dichloromethane, which
exhibited approximately four-fold fluorescence
quenching due to heavy atom effect (Figure 10c).
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Likewsise, adding TBAI to the axle
2-H-PF, afforded the ion-pair 2-H-I,
which exhibited approximately ten-

fold fluorescence quenching (Figure
10d).”

Subsequently, 3-H-PF_ (2 x
10° M) was treated with TBAX
in dichloromethane (Figure 11).
Two equivalents TBAF addition
resulted in ten-fold fluorescence
quenching and reproduced similar
fluorescence response (Cf. Figure
11a & 10a), due to the generation
of the neutralized axle 2. Thus,
metastability in 3-H-PF, could also
be followed by spectrofluorimetric
method. TBACI addition expectedly
did not induce metastability, as no
blue shift of the anthracene band
could be observed (Cf. Figure 11b &
10b). Furthermore, two equivalents
TBABr and TBAI did not invoke any
change in the fluorescence output
of 3-H-PF, (Figure 11c & 11d), as
expected from the NMR studies.

Control studies with 10 eq.
TBAX (X = (l, Br, I), produced no or
marginal fluorescence quenching of
anthracene band. Consequently, we
switched to a more relevant solvent
system for detection of fluoride
anion, i.e., acetonitrile containing 0.5%
(v/v) water, which turned out to be
far more responsive as quenching at
saturation is now 108-fold (Figure
12a). Accordingly, limit of detection
(LOD) from the TBAF titration was
obtained as 7.36 x 107 M, using the
expression 30/s, where “0” is the
standard deviation and “s” is the slope
of the linear fit of calibration curve
(Figure 12b). Plot of TBAF titration
with 3-H-PF, (2 x 10° M) in absence
and presence of ten equivalents of
interfering anions (TBAX, where X =
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Figure 12. (a) Fluorescence spectra (A, = 345 nm, CH,CN/H,0 = 99.5/0.5, 293 K, 2
x 10° M) of 3-H ‘PF + TBAF, (b) Linear curve fitting for limit of detection of fluoride
anion, (c) Plot of concentration of 3-H PF, (DMSO-d,, 10 mM) w.r.t. time, d) Plot of
logarithmic concentration of 3-H PF, (DMSO-d,, 10 mM) w.r.t. time.

Cl, Br, I), displayed complete superimposition in
the region 2-20 PPM, highlighting the selectivity!

Furthermore, metastability of 3-H-PF, in
polar (DMSO-d,) medium, was probed. Slow
deslippage kinetics in 3-H-PF, was observed
(Figure 12c), which followed a first order decay
kinetics with a half-life of 30.2 (+ 1.3) hour (Figure
12d).

3. Experimental section

All reagents and starting materials were
bought from commercial suppliers and used
without further purification. Anhydrous
dichloromethane (DCM) was obtained from dry
distillation of its analytical grade by refluxing
over CaH,. Anhydrous tetrahydrofuran (THF)
was obtained by distilling its analytical grade by
refluxing over sodium-benzophenone. Anhydrous
acetonitrile and DMF purchased from CDH.
Always freshly distilled dry solvents were used.

13107 25107 3510’ 4x10’ Sx10t 6x10’
Time (min)
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Mass spectrometer with
Agilent 1200 HPLC system.
Structural assignments
were made with additional
information from NOESY
NMR experiments.
Absorption studies were conducted in Thermo
Fisher Scientific Evolution 300 spectrophotometer.
Fluorescence spectra were recorded in Horiba
Scientific Fluoromax-4 spectrofluorometer, where
both excitation and emission slit widths are 2 nm.

[A6]

Synthesis of [2]Rotaxane, 3-H PF,

Compound 2-H PF, (0.1 g, 0.223 mmol) and
P23C7 (0.162 g, 0.45 mmol) were dissolved in the
mixed solvent (40 ml, CHCl,/CH,CN =3:1 (v/v).
The solution was stirred for 12 hours, followed
by removal of the solvent under vacuum without
heating. The residue was dissolved in dry DCM
(180 ml, 0.0025 M) under nitrogen atmosphere.
Grubbs’ 2" generation catalyst (0.019 g, 0.02
mmol, 0.05 eq w.r.t P23C7) was added and the
resulting mixture was refluxed for 60 hours. The
reaction mixture was cooled and quenched with
ethyl vinyl ether. The excess solvent was removed
in vacuum and the residue was subjected to
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column chromatography (silica gel: Acetone/
DCM = 1:20) to give the desired product 3-H PF,
(0.139 g, 79 %). '"H NMR (500 MHz, CDCL): &
ppm = 8.60 (s, 1H, Ar), 8.48 (d, ] = 8.8 Hz, 2H,
Ar), 8.08 (d, ] =8.8 Hz, 2H, Ar), 7.69-7.66 (m, 2H,
Ar), 7.58-7.55 (m, 2H, Ar), 7.02 (br, 2H, NH,"),
5.69 (br, 2H, C(H)=C(H)), 5.29-5.26 (m, 2H,
C(H,)NH,"),3.90 (d, ] = 9.1 Hz, 2H, C(H,)C=C of
23C7), 3.67-3.36 (br, 2H+2H+20H, C(H,)C=C of
23C7 + NH,*C(H,)Cy + OCH,CH,), 2.90-2.84 (m,
4H, OCH,CH,), 1.80-1.72 (br, 6H, Cy), 1.21-1.20
(br, 3H, Cy), 1.02-0.95 (br, 2H, Cy). *C{'H} NMR
(125 MHz, CDCL,): 6 ppm = 131.18,131.10, 130.5,
130.3, 129.3, 127.5, 125.6, 124.3, 122.2, 71.6, 71.0,
70.95, 70.91, 70.7, 70.6, 70.1, 55.9, 45.9, 35.7, 30.6,
25.9, 25.8. HRMS (ESI) m/z: [M-PF,]* Calcd for
C,,H,NO, 638.4051; Found 638.4042.

38" 756
4. Conclusions

In conclusion, we employed a pseudo[2]
rotaxane (1-HcCBP23C7 PF,) for halide anion
responsive investigation, whereby fluorescence
“turn-on” of the macrocycle BP23C7 could
be observed with concomitant fluorescence
quenching of the anthracene band of the axle.
However, this system could not distinguish
between fluoride and chloride anions, although
fluoride anion caused much sharper fluorescence
quenching of the anthracene band. So, an
anthracene stoppered metastable [2]rotaxane (3-
H PF,) comprising a cyclohexyl end group was
synthesized by RCM in very good yield (79%).
Replacing linear hexyl chain of 1-H PF, with a
bulkier cyclohexyl end group in 3-H PF, would
definitely restrict the freedom of the macrocycle to
get disassembled or extrude from the axle, which
might enhance the selectivity towards fluoride
anion over other halide anions. Surprisingly,
3-H PF, exhibited metastability only in presence
of fluoride anions, while excess chloride, bromide
and iodide anions did not perturb the integrity
of 3-H PF,, signifying a correlation between
selectivity in anion recognition with the bulk of
slippage stoppers. Furthermore, the anthracene
component in 3-H PF, enabled selective detection
of fluoride anion through fluorescence turn-

Vol. 37, Issue Number 1 & 2

61

January, 2025

off by PET, with the LOD being 7.3 x 107 M
in acetonitrile containing 0.5% (v/v) water.
Besides, the metastability in 3-H PF, could also
be manifested in polar medium (DMSO-d,),
whereby slow deslippage kinetics of 23C7 was
observed. This concept of halide anion induced
metastability of [2]rotaxanes offers both novelty
and practical applications, which can be extended
for cation recognitions as well. In essence, we
have developed a fluoride anion selective sensor
based on a [2]rotaxane architecture, using the
concept of metastability.
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Abstract

This mini review article presents various mechanisms for detecting cyanide, a highly toxic chemical

with widespread industrial uses. Four main sensing mechanisms: Intramolecular Charge Transfer
(ICT), Aggregation Induced Emission (AIE), Single Electron Transfer (SET), and Excited State
Intramolecular Proton Transfer (ESIPT) are discussed highlighting their strengths and limitations,

including detection limits and practical applications. The review also discusses challenges, such

as reproducibility and real sample analysis, and suggests future research directions for improving

cyanide sensors.

1. Introduction

Cyanideis a highly toxic chemical compound
containing a cyano group (CN), consisting of a
carbon atom triple-bonded to a nitrogen atom.
It can exist in various forms, such as hydrogen
cyanide gas, cyanide salts (e.g., potassium
cyanide), and cyanogenic compounds in plants.
Cyanide interferes with cellular respiration by
inhibiting cytochrome c oxidase, an enzyme
crucial for energy production in cells. This
blockage prevents cells from using oxygen,
leading to rapid suffocation of tissues and organs.
Cyanide poisoning can occur through inhalation,
ingestion, or skin absorption, and is potentially
fatal if not treated immediately. The WHO has
suggested a short-term health-based value for
cyanide in drinking water (0.17 mg/L), which is
considered extremely conservative, in light of the
cyanide toxicity issues mentioned above. Cyanide
is widely used in the mining industry to extract
gold and silver from ores through a process called
cyanidation. In this process, cyanide dissolves
the gold or silver from the rock, allowing it
to be separated and purified [1]. Cyanide is
an essential building block in the synthesis of
various chemicals. For example, for the synthesis
of acrylonitrile used in the production of plastics,
synthetic rubber, and fibers [2]. Similarly, cyanide
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is the main source for synthesizing many nitrile
compounds that include adiponitrile in the nylon
production [3]. Cyanide is the main ingredient
for synthesizing hydrogen cyanide which is the
precursor for acetonitrile, methyl methacrylate,
and various pesticides [2]. Further, cyanide
solutions are used in electroplating to deposit
metals like gold, silver, copper, and nickel onto
surfaces. It has been proved that usage of cyanide
solutions ensures a smooth and durable coating
on jewellery, electronics, and coins [4].

Despite of its widespread usage in the
industry, the cyanide on the other hand found
to be notorious because of extreme toxicity.
Studies have showcased the fact that cyanide
is lethal even at extreme low levels to humans
as well as aquatic life. Since, cyanide is widely
used across industrial purposes, and is lethal
to forms of life, it brings out an urgent need for
developing sensors that can detect cyanide in
different samples. Considering the significance
of cyanide detection, several researchers are
working extensively for developing a method/
molecular probes. From the last five years 336
articles (Scopus search using ‘Cyanide Sensors’ as
key word) have been published in the literature.
In a review article, various scaffolds that have
been used for the developing the cyanide sensors
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have been discussed [20]. The latest review
article highlights exclusively indolium-based
fluorescent probes reported in the literature
especially their effectiveness and limitations
towards cyanide detection [20]. However, there is
no review article that gives deeper insights in to
the various principles involved in the detection of
cyanide. To address this gap, herein we provide
a comprehensive overview of different cyanide
sensing mechanisms that were reported in the
literature. We firmly believe that understanding
the existing cyanide sensing mechanisms would
be a beneficial for developing efficient cyanide
sensor for real time applications.

2. Mechanisms for Cyanide Sensing

Four major sensing mechanisms that have
been studied extensively for developing cyanide
sensors are discussed below.

2.1. Intramolecular Charge Transfer (ICT):

This is the most widely used concept for
developing cyanide sensors in which the charge
transfer occurs within a single molecule. The
ICT involves the movement of an electron from
a donor group to an acceptor group within a
single molecule. This transfer typically occurs
in molecules with conjugated systems, where
the electron density can shift between different
parts of the molecule, often leading to changes in
the molecule’s electronic and optical properties.

Fluorescence “OFF"
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The ICT is crucial in various fields, such as
photochemistry, where it influences absorption
and emission spectra, and in organic electronics,
affecting the efficiency of light-emitting diodes
(LEDs) and solar cells. The phenomenon
also plays a role in molecular sensors and
fluorescence-based imaging techniques.

Several researchers have made use of ICT
phenomena to design novel fluorophores and
sensors for cyanide ions (CN"). A cyanide sensor
based on pyrene and dicyanovinyl moieties
was reported and it has been observed that the
ICT from pyrene to the dicyanvinyl group is
responsible for its fluorescence quenching.[5] The
detection limit was found be extremely low as 1.76
nM. Benzothiazole and 1,3-indanedione electron
donor-acceptor molecule was demostrated as
efficient cyanide sensor. [6] The nucleophilic
addition of cyanide at the vinyl carbon disrupts
the ICT and causes dramatic spectral changes,
especially, color changes and an increase in
fluorescence emission intensity. The detection
limit was found to be 5.97 nM. In addition
to having a detection limit way less than the
permissible limit set by WHO, this cyanide
sensor does not respond to any pH changes in
the range of 6.0-12.0 making it useful in different
environments. The sensor was also exploited in
detecting cyanide in real samples and successfully
verified the purity of water samples. Further

Enhanced ICT Enhanced ICT
excess F U™
———
“
. \ \_\_G
2Ly, "‘={‘e

O

Fluerescence “ON"

Figure 1. A schematic representation of naphthalene-based cyanide sensing fluorophore via ICT mechanism.
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the ICT sensing mechanism was confirmed by
'H-NMR analysis. The cyanide sensor CS, (Figure
1) was designed with naphthalene core and an
amino-thiourea group [7]. The results suggest
that the hydrogen-bonding of the N-H group
with F-/CN-enhances the ICT character, leading
to changes in UV-vis absorption and fluorescence
spectra. A new cyanide sensor baring 3H-benzo|[f]
chromene core and ethylcyanoacetate was
reported and its ICT gets modified due to the
loss of m-conjugation, leading to both colorimetric
spectral changes and fluorescence quenching.[8]
The detection limit was estimated to be 0.70 uM.

A dicyanovinyl-substituted benzofurazan
derivative was demonstrated as an as excellent
ratiometric chemosensor for detecting cyanide
anion in aqueous acetonitrile solution [9]. The
results suggest that the nucleophilic addition of
cyanide at the a-position of dicyanovinyl group
inhibits the ICT character which in turn exhibits
a significant shift in both fluorescence emission
and absorption. Colorimetric and fluorometric
cyanide sensing behavior was further confirmed
by the time-dependent density functional theory
calculations (TDDEFT) revealing that the cyanide
attack hinders the ICT character of the molecule.

Another interesting work utilizes an off-
the-shelf compound, 6,7-dihydroxycoumarin
which forms a complex with copper ions (Figure
2) [10]. The detection of cyanide occurs via a

SN

D (donor)=

R (receptor)= N-H

—_— =N
N

Figure 2. A schematic representation of ICT cyanide
sensing mechanism of coumarin based sensor.
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metal displacement mechanism, where cyanide
displaces copper from the complex, leading to a
change in fluorescence. However, this paper does
not explicitly discuss about the time needed for
detection and just states that the sensing is rapid.
The authors did talk about the time taken for cell
imaging which is 30 minutes. The displacement of
metal ion disrupts the ICT process which is found
to be the underlying mechanism for sensing. Not
only this work helped the chemists, it was further
explored for its clinical applications wherein rat’s
serum infused with cyanide was tested using the
same.

In another research, a high-performance
fluorescence chemosensor CS, that selectively
detects cyanide without interference from other
ions [11]. UV-vis and fluorescence spectroscopy
were used to evaluate the spectrum responses
of CS; to cyanide anion (Figure 3). The detection
limit was reported to be 2.8 pM which is
substantially lower than the permissible values
set by the World Health Organization. The study
shows that the interaction between CS, and the
cyanide ion involves a deproptonation followed
by a nucleophilic addition of CN- at the probe.
This process inhibits the ICT, thus quenching the
fluorescence. The found results were validated
with 'TH-NMR, ESI-MS, and Density Functional
Theory investigations. Ultimately, the probe CS;
was successfully exploited to detect cyanide ions
in various dietary samples, and then construct an
XOR molecular logic gate, thus connecting the
realms between organics and semiconductors. In
yet another experiment using the ICT mechanism,
a group of researchers developed sensors to
detect cyanide ions in industrial waste and food
samples. Still, it did not provide with specific
values of detection limit [12].

The molecule CS;is based on a D-n-A
(donor-m-acceptor) molecular system (Figure 4),
with phenothiazine acting as the electron donor
and benzothiazole as the electron acceptor. These
units are linked by an ethylene group which
acts as a i1 spacer. A biphenyl group is attached
to the phenothiazine to enhance its electron-
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Figure 3. A representation of N-diethyl substituted benzene-based ICT mechanism towards cyanide detection.
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Figure 4. ICT based sensing mechanism of phenothiazine as an electron donor and benzothiazole as an electron acceptor

for sensing cyanide ions [21].

-

a2y

C57-CN-

Figure 5. Cyanide sensing mechanism of carbazole based sensor.

donating properties. The -NH moiety of CS,
interacts with cyanide ions through hydrogen
bonding, leading to deprotonation of the -NH
group. This deprotonation increases electron
density on the conjugated system, enhancing the
intramolecular charge transfer (ICT). CS, shows
high sensitivity and selectivity towards cyanide
ions. The detection limit for cyanide using CS,
sensor is 1.36 pM by UV-vis spectroscopy and
0.13 nM by fluorescence spectroscopy [21].

The molecule CS, which has Carbazole
moiety as electron donor and 1,3 Indanedione
as an electron acceptor in D-ni-A architecture
discusses about the detection of cyanide in
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Tapioca in THF/Water medium (Figure 5). The
authors focus on discussing about the specificity
of the fluorophore for cyanide ions and is
attributed to the ICT mechanism. The limit of
detection is reported to be 0.43 pM, which is
less than the permissible limits set by the World
Health Organization [13].

2.2. Aggregation Induced Emission (A.LE):

Tetraphenylethylene and triphenylamine
are commonly studied AIEgens. The phenyl
rings are connected to the core group bond in
the architecture of propellers attached to a plane.
These are highly soluble in common solvents
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such as DCM, CHClL,, ACN, THF, and DMSO,
but are insoluble in water. The rotation of the
phenyl rings of the secluded molecules around
the core group in solution is very dynamic,
converting excitational photon energy into
heat. The excited tetraphenylethylene molecules
undergo non-radiative decay, leading to quasi-
fluorescence in a dilute solution. However, in
the case of non-planar tetraphenylethylene, on
the other hand upon aggregation or solid state,
the rotational motion of phenyl rings is hindered
leading to increase in fluorescence emission
intensity. Molecules such as tetraphenylethylene
can be attacked by nucleophiles like cyanide.
The optical characteristics of CS,, CS,, and CS,
in Figure 6 would be altered by nucleophilic
addition of cyanide, which would break off the
direct conjugation between the electron donor
and acceptor moiety. This explains why the

Vol. 37, Issue Number 1 & 2
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charge transfer absorption bands of the three
compounds collapsed upon the addition of
cyanide. Thus, it was hypothesized that anionic
species were formed when cyanide was added to
the CS,, CS,, and CS, sequentially. These anionic
species, however, seem to be easily protonated.
However, these compounds produce blue
fluorescence when they aggregate at high water
proportions in THF /water mixtures. In 90%
water, the CS,-CN" and CS,-CN- aggregates
had relative quantum yields of 0.22 and 0.21,
respectively [14].

This mechanism was further confirmed
by conducting '"H NMR titration experiment
of triphenylamine based CS,, with sequential
addition of CN- (Figure 7). The vinyl proton
signal at 7.45 ppm became weaker when CN~
was added, but a new up field peak of hydrogen
steadily increased at 5.22 ppm. In the meantime,

o
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O QO

No fluorescence

NC

CSs I
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ON H

NCULON
CSs-CN- ON
X

A=

CSs CS1o

CSe-CN-

\—’/ X \

Blue fluorescence

s

the aromatic protons moved
away from their initial locations
as cyanide targeted the vinyl
group and broke the molecule’s
conjugation, producing the
different types of charge density
surrounding the aromatic
protons and the fluorescence
intensity increased which
suggested that the recognition
mechanism of nucleophilic
addition of cyanide to the

CaSH vinylic position in CS -CN-[15].

N

* = no flucrescence

2.3. Single Electron Transfer
(SET) Mechanism:

Figure 6. Tetraphenyl ethylene based molecules showing AIE sensing mechanism

towards cyanide detection.

The single electron
transfer (SET) mechanism
is a fundamental process in

€511

C511-CN

fluorescence that involves the
transfer of an electron from
the electron rich moiety to
electron-difficient moiety to
form a radical cation and anion.

Figure 7. Triphenylamine as donor and benzo|[c]thiadiazol as acceptor based

cyanide sensor via AIE mechanism.
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This mechanism plays a crucial
role in various applications,
including single-molecule
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fluorescence spectroscopy, where it can provide
insights into molecular dynamics and interactions
within nano-environments. There have been
some instances where SET have been employed
for cyanide detection (Figure 8). To provide
multimodal signal outputs, cyanide anion
and CS,, can react quickly using SET [16]. The
CS,,-CN- radical anion was discovered to have
exceptional signal read-out capabilities, spanning
from multichannel UV-vis—NIR absorption to
scattering (Raman and HRS)-based processes.
The cyanide anion can be detected, in particular,
using the strong 840 nm NIR absorption peak,
without the background interference present
in living materials. Crucially, a very sensitive
portable electronic gadget has been created using
CS,, conductive characteristic. With multi-order
distinction between closely related anions, the
apparatus effectively transforms the SET-based
chemical event into an electrical signal output.

NC N @ NC_%_ CN
—_—
NC CN NC ™=""CHNH
colourless green fluorescence
€512 CS5a-CN-

Figure 8. Sensing mechanism of tetracyanoquinodimethane
based cyanide sensor via SET.

Another novel SET-driven reaction-based
method for cyanide detection using indicators
with low LUMO values is described. In addition
to producing an air-stable radical anion marker,
the cyanide-specific reaction yields multimodal
signal outputs due to its spin, charge, and SOMO-
LUMO-based electronic transition. Compared
to other reducing anions, high selectivity and
sensitivity (0.2-16 pM) were noted. This new
system of indicators demonstrates dip-stick
sensing and regenerability, and it shows how

to fabricate an electrical cyanide sensing device
[17].

Vol. 37, Issue Number 1 & 2
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2.4. Excited State Intramolecular Proton Transfer
(ESIPT) Mechanism:

Excited state intramolecular proton transfer
(ESIPT) is a phenomenon that has the potential to
be exploited for cyanide detection in gas phase as
well as in non-polar solvents. Compounds that
exhibit ESIPT have drawn significant attention
because of their potential applications in optical
devices that can benefit from the salient properties
like ultrafast reaction state and large fluorescent
Stokes Shift. In ESIPT-based sensor CS,,, a proton
is transferred from a hydroxyl group to a nearby
acceptor group in the excited state as depicted
in Figure 9. An intramolecular hydrogen bond
facilitates this process and often leads to a shift
in the fluorescence emission spectrum [18].

_— -
¢
m@
CS1

Figure 9. A naphthalene based schematic representation of
ESIPT mechanism towards cyanide detection.

The presence of an aldehyde group ortho
to the hydroxyl group is crucial for the ESIPT
mechanism. This arrangement creates a highly
reactive site due to resonance-assisted hydrogen
bonding (RAHB) [19]. This also helps in selective
and ratiometric detection of cyanide. Upon
interaction with cyanide ions, the nucleophilic
cyanide attacks the aldehyde group, forming a
CS,,-CN. This reaction disrupts the ESIPT process,
which results in changes of the fluorescence
signal that can be used to detect the presence of
cyanide which is extremely toxic to physiological
systems.

3. Challenges and Future Directions

Major challenges for all the reported
cyanide sensors that were developed based
on different mechanisms (ICT, AIE, SET,
ESIPT) are reproducibility, practical utility in
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analyzing real samples, stability and durability
especially in harsh environmental conditions
or in complex sample matrices. Besides, most
of the cyanide sensors reported till today are
solution based sensors suitable for analyzing
liquid samples. Future, research can focus on
improving the reproducibility and lifespan of
these sensors. The combination of these sensors
with microelectronics could lead to on-site,
real-time detection. There is growing interest
in combining ICT, AIE, SET, and ESIPT-based
sensors into multifunctional devices capable of
detecting cyanide alongside other pollutants
or toxins, improving the versatility of these
sensors for complex environmental monitoring
applications. The use of these sensor methods
could be extended to biological systems, where
it is necessary to detect cyanide in human or
animal fluids in real time, or to environmental
monitoring, where it can be used to quickly
identify contamination in soil, water, and air.
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With Best Compliment from :
Analytical Instruments Sales & Service Pvt.Ltd.
P-123, CI.T Road, Scheme IV M, Beleqghata, Kolkata-700010

The market leader in Spectroscopy.
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Size Analyzer, Raman Spectroscopy.
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Laboratory Instruments.

74



ISRAPS Bulletin Vol. 37, Issue Number 1 & 2 January, 2025

t”'Trt:ﬂ-«_lt

SOLUTIONS

Transient Absorption aman
Setup Spectrometer

Class AAA Small Light Spot Quantum Optical
Solar Simulator Components
- QY e
‘Q‘Qt&o
So »
.v 7
: S \
& ,
»
i
! \ > S
. . , %""Q
N '| 7
2 Photon Microscopy Fiber fs Laser for
Laser Micromachining

CONTACT DETAILS
sales@trokutsolutions.com,www.trokutsolutions.com,+91-22-40124404

75






IT’S WHAT'’S INSIDE THAT COUNTS...

FLUORESCENCE

e SNR 10,000:1

e UV-VIS-NIR measurement
e TCSPC down to 25ps

e Micro-PL upgrade

FLUORESCENCE
SNR 35,000:1 e

Hexagonal sample chamber o

AGILE supercontinuum Laser e

Customized design and configuration e

I -ONFOCAL RAMAN

RM5

e Truly Confocal
e Integrated narrowband Raman Laser
e Five position grating turret

e InGaAs array, CCD, EMCCD

CONFOCAL RAMAN

RMS1000 Truly Confocal e

Dual Spectrograph e
Four simultaneous detector e
FLIM, PL microscopy, Time-resolved e

EDINBURCGH DISCOVER THE l SpeC|a||Se
BTRUMICRTS SPECTROSCOPY mnd

INTELLIGENT SOLUTIONS

Contact: Mr. Rajib Saha | +91 9748191360 | rajib@simc.co.in




For Limited Circulation Only

Contents

Message from the President and Secretary, ISRAPS
Editor’s Desk

Probing conformational preferences of small peptides in condensed and
gas phase
S. Kumar, S. Mandal and A. Das

Versatility of Carbon Dots as a Photosensitizer
Somen Mondal

Design of Defect Engineered Intrinsic White Light Emitting
Non-Rare-Earth Phosphors: State-of-the-art
A. K. Dehury, R. Kainda, S. Khatoi, R. C. Mallickand Y. S. Chaudhary

Water radiolysis and its impact on reactor materials
R. Puspalata, D. Mal, L. Muniasamy, R. Ramakrishnan, S. Beraand T.V. Krishna
Mohan

Extensive Modulation of Fluorescence Quantum Yield in Quantum Dots

by the Presence of Permanent Dark Particles: A Single Particle Level Study

K. Kaushik, C. Rao, A. Salam and C. K. Nandi

Application of Pseudorotaxane and Rotaxane in Anion-Responsive Studies

M. Jaiswal and S. Dasgupta

Unravelling Cyanide Sensing Mechanisms of Colorimetric and
Fluorometric Sensors
G. L. P. Anisha, S. S. B. Rayudu, Dhananjay, R. K. Kanaparthi

ii

14

20

34

42

51

63

Published by ISRAPS, (/o RPCD, BARC, Mumbai 400 085

Designed & Printed by Ebenezer Printing House

Tel.: 2446 2632 / 3872, E-mail: outworkeph@gmail.com




