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Message from the President and Secretary, ISRAPS

Dear ISRAPS members,

On behalf of ISRAPS executive council, we wish you all a very happy new year 2022 and take
this opportunity to acknowledge the contribution of all the members who have actively participated
in organizing various activities of ISRAPS.

Though in the prevailing pandemic situation we could not meet each other in person, we have
tried our best to preserve the tradition of ISRAPS by arranging discussion meetings and symposia
through virtual (online) mode. We have successfully organized ISRAPS discussion meeting on “Gas-
Phase Kinetics & Dynamics” on April 10, 2021. On this occasion, we felicitated Prof. S. Wategaonkar,
Ex-Vice President of ISRAPS for his active contribution towards the growth of ISRAPS. Another
event was the National Symposium on Radiation and Photochemistry (NSRP-2021), which was held
virtually from IIT Gandhinagar during June 25-26, 2021. The online symposium was a grand success
in terms of the sharing of knowledge in the advanced areas of radiation and photochemistry. All the
young researchers were quite excited to share their research work in flash presentation mode. The
EC thanks all the participants, especially, Prof. S. Kanvah from IIT Gandhinagar, for contributing to
the success of NSRP-2021.

One of the important events of ISRAPS, Trombay Symposium on Radiation & Photochemistry
(TSRP-2022) is being organized virtually from Training School Hostel, Bhabha Atomic Research
Centre, Mumbai during January 12-15, 2022. On this occasion, ISRAPS has brought out an ISRAPS
bulletin (TSRP-2022 special issue). It is the collection of articles about the recent developments in the
field of radiation and photochemistry from the eminent scientists invited in TSRP-2022. The executive
council of ISRAPS takes this opportunity to thank all the contributors for making this special issue
very informative.

Finally, we would like to thank Dr Atanu Barik, the Guest Editor of this special issue for his
efforts to bring out a scientifically rich bulletin containing eleven articles of varied interests in the
tield of advanced techniques in radiation and photochemistry.

Once again, we wish to express our sincere gratitude to all the life members for their constant
support and encouragement and look forward to your valuable suggestions and active participation
in the forthcoming events of ISRAPS.

\S'/

Dr. Awadhesh Kumar Dr. (Mrs.) J. Mohanty
President Secretary
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Edita’s Deshe...

It is a great privilege to edit this TSRP-2022 Special issue of ISRAPS Bulletin on the auspicious
occasion of the Trombay Symposium on Radiation & Photochemistry (TSRP-2022) organised by
Radiation & Photochemistry Division, Bhabha Atomic Research Centre (BARC) and Indian Society
for Radiation and Photochemical Sciences (ISRAPS) through virtual mode.

It is our rich tradition that on every occasion of TSRP we come out with a special issue, containing
articles on various contemporary research areas in the field of radiation and photochemical sciences,
by eminent scientists. The present issue encompasses articles in thrust areas such as spodium
bonding with respect to protein structure and enzyme activity, use of carbon quantum dots for their
luminescent properties as well their biosensing applications, reshaping of triangular shaped silver
nanoparticle under laser radiation and their possible application for the development of random laser,
and formation of molecular self-assembly from thiophene based compound in tetrahydrofuran-water
mixture, as observed by fluorescence correlation spectroscopy and TEM.

In addition, there are articles on detection of environment polluting pigments by fluorescence
method, use of radiation induced noble metal nano particle immobilised with enzymes for pollutant
degradation, and design strategy of fluorophore for subcellular imaging. Next couple of articles,
highlight the hydrogen bond dynamics in alcohol and alcohol based deep eutectic solvents by two-
dimensional infrared spectroscopy, and molecular clusters in gas phase to understand catalytic,
atmospheric and biological processes. The last article highlights the release of hydrogen from the
water molecule entrapped in carbon nanotubes, using quantum mechanical studies.

On behalf of ISRAPS, I sincerely acknowledge the active cooperation from all the contributing
authors of this issue. I personally thank ISRAPS for entrusting the editorial responsibility on me.

Dr. Atanu Barik obtained M. Sc. degree in Chemistry from Burdwan University
(West Bengal) in 1999. After graduating from BARC Training School in 2000, he
joined Radiation & Photochemistry Division, BARC. He has obtained Ph. D. degree in
Chemistry from University of Mumbai in the year 2006. During the year 2007-2008
he was post-doctoral fellow at Laboratoire de Radiolyse, CEA Saclay, France. He was
the recipient of DAE young scientist award and group achievement award in the year
2009 and 2017 respectively. Since the year 2019, he is also associated with Homi Bhabha
National Institute, Mumbai as an Assistant Professor. His current research activities
focus on free radical chemistry and excited state properties of molecules employing
photochemical and radiation chemical techniques. So far, he has published more than
50 research articles in international journals. He has successfully quided one Ph.D.
student and five M.Sc. project students.
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Recent Advances in Spodium Bonding: Inorganic Crystals to
Biological Systems

Akshay Kumar Sahu'?, Shivam Mahapatra’?, and Himansu S. Biswal’**
ISchool of Chemical Sciences, National Institute of Science Education and Research (NISER), PO-
Bhimpur-Padanpur, Via-Jatni, District- Khurda, PIN - 752050, Bhubaneswar, India
?Homi Bhabha National Institute, Training School Complex, Anushakti Nagar, Mumbai 400094, India

Abstract

The name spodium bonds (Sp-bonds) was coined in 2020 for referring to the net attractive

interaction between the complexes formed by Group 12 elements with oxidation state +2 and

any electron-rich species. Although the reports about spodium bonds are limited in number, the

significance of such noncovalent interactions cannot be ignored. Sp-bonds have been shown to

participate in the structural flexibility of systems as well as their functionality. Considering the

biological implications of zinc ions, we explored the presence and effect of Sp-bonds in Zn-proteins.

Using a detailed PDB analysis and systematic ab initio calculations, we showed that spodium

bonds in tetrahedral Zn sites are abundant and might also serve as a determining factor in protein

structure and enzyme inhibition.

1. Introduction

Since the day hydrogen bonding was first
discovered, noncovalent interactions (NCls)
have attracted the attention of researchers across
the globe. With more extensive research being
done, new interesting facts about the NClIs are
coming up to the surface, from their presence
in biomolecules and inorganic crystals to their
applications in catalysis, molecular recognition,
molecular stabilization, and many more.'” The last
decade has observed a significant growth in this
field and has led to the discovery of various new
NClIs such as halogen bond,* chalcogen bond,’
pnictogen bond,® tetrel bond,” and triel bond,® etc.
most of which occur due to the sigma (o) hole.
The anisotropy of the charge distribution over
the atom leads to the formation of the positive
electrostatic potential region, known as o-hole,
along with the covalent bond to the atom.’ This
positive region or sigma-hole interacts with any
electron-rich atom to form the o-hole complex,
and the interaction is known as o-hole interaction.
The specific name of this interaction depends on
the o-hole forming atom. When the Group-12
elements are involved in such noncovalent
interactions, these are termed as spodium bonds

(Sp-bonds) by Frontera and co-workers."” One of
the first experimental reports discussing spodium
bonds in a dichloro-bis(thiosemicarbazide)-
mercury(Il) complex was published recently.
This work showed that the electron donor was
located opposite to the polarized Hg-Cl bond
at a distance greater than the sum of covalent
radii and smaller than the sum of van der Waals
radii of the two species. It also established high
directional spodium bonds." Following these
reports, an organized search for spodium bonds
in the CSD Database was performed by Frontera
and co-workers. Based on experimental evidence
obtained from the CSD analysis and results from
ab initio calculations followed by QTAIM/NCI
Plot/NBO analyses, the group established the
presence of such noncovalent interactions in
inorganic crystals, which can play a crucial role
in the crystal packing of tetrahedral complexes
of Group 12 elements with oxidation state +2.'

In our work, we focused on tetrahedral
sites of Zn** ions in biological systems since
Zn is the second most abundant transition
metal present inside the human body. Zn** ion
is an essential cofactor in the case of several




ISRAPS Bulletin

metabolic enzymes and regulatory proteins.'*">
The metal ion has shown catalytic activity in
the deprotonation of Zn-coordinated water in
human carbonic anhydrase II (HCA2)'" or in the
stabilization of negatively charged species, such
as in carboxypeptidase A."” In Zn-finger proteins,
Zn* ions have even played a fundamental role
in the protein structure and folding."® Moreover,
it was observed that the alcohol dehydrogenase
(ADH) completely loses its catalytic activity
upon removing zinc ions from its active site.'**
We started our work by looking for the presence
of o-holes in biological systems by performing
molecular electrostatic potential (MEP) surface
analysis, shown in Figure 1. In order to emphasize
the significance of this interaction and its pivotal
role in biological systems, we selected two
examples, one involving metallo-pB-lactamases
(MBLs) and the other encompassing the structure
and activation mechanism of metallopeptidases
(MPs).2!

2. Methods
The analysis was done in two parts:

2.1. PDB analysis: The criteria used to
download the PDB* files from the RCSB website
(October 2020 release) was that a PDB file must
contain a Zn atom with a resolution better than 2
A. We found 6911 PDB files which were further
used for the analysis of the Sp-bonds. The home-
written python script was used for the batch

Zn-HIS,ASP,
-lo’

Zn-HIS,ASP
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processing of PDB files. The following structural
parameters were used for the analysis:

To maintain the tetrahedral geometry,
four Y atoms bonded with Zn were searched
with distance d, |, <2.5 A, where Y was any
combination with N, O, and S.

The distance between Zn and A was 2.5 A <
d, ,<5 A, where A was an electron-rich atom,
which in our case was O, N, and S. To avoid the
possibility of the coordinate bond, the distance
between Zn and A was taken greater than 2.5 A
which is greater than the sum of their covalent
radii. The covalent radii of Zn, O, N, and S are

1.22,0.66, 0.71, and 1.05 A, respectively.?

The angle 0 (£Y-Zn---A) was restricted with
the condition, 1400 < 6 < 1800 to take only highly
directional cases into consideration.

The stride software* was used to determine
the secondary structure of the protein structures.

2.2. Theoretical study: To generate the
model system for further study, we selected only
those PDB files where the angle 0 (2Y-Zn---A)
was in between 1600 and 1800. The selection
was further limited to the cases with the shortest
Zn and A distance, where A was either O or S.
Once the PDB files were chosen, we modeled
the interaction sites manually by taking the Zn
and its coordinating residues and interacting
partner (amino acid, ligand, water) and replaced
the HIS, ASP/GLU, and CYS residues with

Zn-HIS,

coordination bond
covalent

Figure 1: (a) The MEP surfaces of three different Td Zn complexes with different net charges (0, +1, and +2, respectively).
(b) Schematic comparison between an Sp-bond and coordinate bond.
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Table 1: Classification of contacts between Zn and electron-rich partners (O/N/S).

Amino acids
Backbone Side chain

Donor

Water Total

Ligands

N 13,779 7210
O 4870 10,994
S 624

847
3374
618

21,836
29,680
1242

10,442

imidazole ring, acetate group, and thiomethyl
groups respectively. All the models were created
using Accelrys Discovery Studio Visualizer” and
Gaussian-16.%

Only the hydrogen positions of all models
were optimized using the BP867-D3%/ def2-SVP?¥
level of theory. The interaction energy of these
Sp-bonds (AEcomplex - Ecomplex "~ “Zn-center ~ electron-rich
partner) Was calculated using all these optimized
hydrogen models with the RI-MP2%°/def2-
TZVP? level of theory using the TURBOMOLE
7.0 program.” The energy of the complex, Zn-
center, and electron-rich partner were calculated
separately using the same level of theory. The
Boys-Bernardi counterpoise technique was
used to overcome the basis set superposition
error (BSSE) in the interaction energy.*> The
wavefunction and MEP of the complexes were
calculated using the Gaussian-16 package with
B3LYP¥-D3/def2-TZVP level of theory. Bader’s
QTAIM method was used for the topological
analysis of electron density at followed by NCI
plot analysis.”

3. Results and discussion

3.1. PDB Survey: From the PDB analysis,
we found a total of 52758 distinguished contacts
Zn---A of Td Zn with the electron-rich atoms (N,
O, and S). From Figure 2 (a), it was observed that
approximately 50% of Zn---A contacts could be
attributed to GLU, ASP, HIS, and CYS residues,
followed by ~25% from other amino acids,
~20% from water molecules, and ~10% from the
ligands. So, we can say that the Sp-bonds are
widely present in the Zn-dependent proteins,
where the interactions were extended between

various electron-rich partners starting from
amino acids to water and ligands. A detailed
analysis was done in Table 1, wherein in the
case of N, most of the interactions were from
the backbone N of proteins, which are likely to
form very weak Sp-bonds as the electron pair of
backbone N is delocalized over the peptide plane.
However, in the case of O, most interactions
come from the side chain of the proteins. Since
S is not present in the backbone of proteins, all
the interactions come from either the side chain
of proteins or the ligands.

The Zn---O interactions predominate
for the ligands over the Zn---N, and Zn---S
interactions. The presence of many Zn---O
interactions originating from water underlines
the significance of buried water in the Zn-active
site of proteins. As represented in Figure 2 (b), the
statistical analysis, which is a radial distribution
plot, shows that most of the Zn---A interactions
lie in between 0.4 to 0.8, beyond the sum of their
respective van der Waals radius. This strongly
supports Alvarez’s van der Waals radius, 2.39
A% 1 A more than that of Bondi’s van der
Waals radius, 1.39 A.* This plot also shows the
directional nature of the Sp-bonds as most of
the interactions are present in between 1400 and
1700, as reported in previous CSD analysis.'?
The Ramachandran plot shows that Sp-bonds
are formed by the different classes of secondary
structures of protein residues, in which right-
handed a-helix, B-strand, and collagen triple helix
are present predominantly, as shown in Figure
2(c). Here, the highly populated clusters of data
points are located near the top-left and middle-
left regions. From the plot, we can say that the
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left-handed a-helix structure is less abundant
than other secondary structures since the middle-
right cluster is less populated.

3.2. Energetics calculation

To investigate the directionality and strength
of the Sp-bonds, we performed the ab initio
analysis, where we were interested in only those
structures that show the highly directional Sp-
bonds (1600 < 2£Y-Zn---A < 1809) because in

Vol. 34, Issue Number 1&2

January, 2022

such cases, the interaction between Td Zn and
electron-rich partner appears to be stronger than
in other cases. Also, to avoid the dominance of
electrostatic interactions in Sp-bonds, only those
structures were selected where the electron-rich
partners were neutral species. Using the criteria
mentioned above, we shortlisted a set of 13 PDB
structures for the calculations, as shown in Table
2.

Each of the 13 PDB structures shows a

Table 2: List of PDB IDs, ResID, electron-rich atom, and respective binding energies

PDB ID ResID AE

AE d

BSSE

LY-Zn---A

2ZNR LYS404

-9.8 173.7

3F1A HIS172

172.9

5LE1 6UW503

177.3

3LQ0 TYR149

175.9

50UD HOH520

177.2

5A0X HOH2120

178

6SJ4 LFK501

172.3

4PAF GLU425

173.2

1UXM LYS136

179.2

1F18 LYS136

178

2VR7 LYS136

175.5

6R6F HOH®651

162.6

206E MET117

175.2

CYS
HIS
I s+

L Jow
[ other AA

Water

19.8% 13.8%

8.4% Ligand

Density
1.00
0.88
0.75
0.68
0.50

-60 |

0.37 1201
0.25
10.13
0.00

180 Jane
480 120 60 0

60 120 180

()

Figure 2: (a) Pie chart distribution of electron-rich residues involved in Sp-bonds. (b) Radial distribution of Sp-bonds in

proteins. The plot is between the angle and the normalized distance (R

which is calculated by dividing the sum of

Zn---A) 4

van der Waals radii of both Zn and A atoms. (c) The Ramachandran plot of combined O/N/S atoms present in the amino

acid residue.
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unique Zn environment, although the ASP,
GLU, and HIS residues, water molecules, and
other non-protein ligands are the most common
coordinating ligand of the Zn in each case,
and the electron-rich partners are MET, TYR,
or water molecules, etc. Except for the 4P4F,
where the global charge on the Td Zn complex
is 0, in all other cases, the charge is +1. From
these calculations, we found that in all cases
interaction energy of Sp-bonds are attractive in
nature, starting from moderate (—8.5 kcal mol™)
to strong (—24.1 kcal mol™). We also observed
that Sp-bonds are similar to other noncovalent
interactions like H-bonds, or CH—11 interactions,
etc., formed between Zn-coordinated ligands and
electron-rich partners. For example, in the case of
5UUD, where a water molecule is an electron-rich
partner, it shows a strong binding energy value.
However, the total binding energy has additional
contributions from the formation of two strong
hydrogen bonds with Zn-coordinated water and
the acetate ligand. Furthermore, an H-bond is
formed between the O atom of the carbonyl of

LYS136 and the CH group of Zn-coordinated HIS
in the case of 1F18. These supporting interactions
are supposed to act as the molecular anchor for
Zn-center and electron-rich partners, which bring

both partners to close together before forming
the Sp-bonds.

3.3. AIM and NClIplot Analysis

The AIM and NCI plot analysis were done
for five structures, including O and S atoms
as electron-donating atoms, to gain further
information about the Sp-bonds shown in Figure
3. First, 1UXM did not show any bond critical
point (BCP) linking Zn and O atoms in AIM
analysis. Instead, two BCPs link the carbonyl
oxygen of LYS136 to (i) a CH group of a Zn-
coordinated imidazole ring and (ii) another
Zn-coordinated imidazole ring. However, the
presence of the green color isosurface in between
the space of Zn and O atoms from NCI plot
analysis shows the existence of Sp-bonds.

In the case of 20GE, where the electron-

Vol. 34, Issue Number 1&2
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donating atom is S, AIM analysis shows a BCP
which links the S atom to the Zn center. This
shows the presence of the Sp-bond. In addition,
two more BCPs are also present linking the Satom
to CH groups of two different Zn-coordinated
imidazole rings. The presence of isosurface
between S atom and Zn-center from NClplot
analysis further confirms the presence of Sp-
bond. The presence of extra BCPs indicates that
secondary interactions are usually observed
along with Sp-bonds.

In 31Q0, where the donor atom is the O atom
of TYR149, the AIM analysis shows the two BCPs
between TYR19 and Zn-center. The first BCP
links phenol O of TYR149 to Zn-center, which
indicates the presence of Sp-bond. This was
further confirmed by NClplot analysis, where
the isosurface is present between Zn-center and
phenol O. The second BCP links the n-system of
HIS92 to the CH group of the phenol ring. These
extra BCPs confirm the presence of secondary
noncovalent interactions as in this case it is CH-1i1
and in the case of 1TUXM and 20GE, it is hydrogen
bonds. In the case of 6R6F, where the electron-
rich partner is a water molecule, we did not find
any BCP from AIM analysis connecting O to the
Zn-center. Instead, two BCPs connecting the two
H atoms of water to vicinal Zn-coordinated two
different imidazole rings were observed. This
shows the presence of H-bonds. However, the
presence of two greenish isosurfaces between the
O and Zn-center in the NClIplot analysis denotes
the existence of a weak Sp-bond.

Finally, in the case of 5LE1, where the
electron-donating atom is O of a carbonyl group
belonging to the ligand, no BCP linking the O
atom to the Zn-center was found. However, the
green isosurface from NClplot analysis indicates
the presence of Sp-bonds. The supporting
noncovalent interactions were confirmed by the
presence of two BCPs (i) O atom linked to the
r-system of HIS179, which shows the presence of
lone pair—n (Lp—m) interaction and (ii) CH group
of ligand linked to m-system of HIS116, which
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LYS136

sign(A2)p

-0.02[f_00 +0.02

Figure 3: Distribution of molecular graphs of (1) 1TUXM, (b) 206E, (c) 3LQO, (d) 6R6F, and (e) 5LEL.
The supporting interactions are highlighted in red. The p.10% values for 206E and 3LQO0 are also
reported along with the NCI plot color range.
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denotes the presence of CH-m interaction. The
p.10% values at the critical points represent the
Sp-bonds both for the 206E and 3LQO0, as shown
in Figure 3. The electron density value of 206E
is greater than the value of 3LQ0, which shows
that the former has a stronger Sp-bond than the
latter. This agrees with the result that we got from
the energetic study and their corresponding NCI
plot surface color, thus giving credibility to the
utilization of the NCI plot index as a method to
visualize and characterize interactions.

3.4. Implications of Sp-bonds in biological
systems

We have shown the presence of spodium
bonds in 5 proteins (Figure 3). Among all these
cases, we selected two protein structures, 5LE1 and
3LQO, to understand the biological implications
of this interaction, shown in Figure 4. The PDB
tile, 5LE1, involves metallo-p-lactamases (MBLs).
This family of enzymes is regarded as a potential
therapeutic target owing to their bacterial

Vol. 34, Issue Number 1&2
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resistance through hydrolysis.** Recently, the
Verona Integron-encoded (VIM-2) protein was
used in the development of a novel family of
MBL inhibitors.” The VIM-2 protein makes use of
diZn(II), with both the ions playing an important
role in catalysis, concerning the binding of the
B-lactam substrate and the hydrolytic activation
of water.*® Through the '"H CPMG (Carr-Purcell-
Meiboom-Gill) NMR analyses, it was revealed
that the compound demonstrated the highest
efficiency in VIM-2 inhibition (IC,; value = 10.6
uM) showed noncovalent binding with the Zn
center. Upon further analysis, it was found
that there was a region of positive electrostatic
potential along with the Zn-N,, .., bond (+71.5
kcal mol™), which facilitates spodium bond
formation between the O atom from the amide

functional group of the inhibitor and one of the
zinc atoms. The strength of the interaction was
calculated as -13.3 kcal mol™, which is almost
15% of the bond energy of a Zn-O bond (70-80
kcal mol™).** This clearly illustrates the crucial

Zn HISY%

Figure 4: Partial views of X-ray crystal structures of (1) 5LE1 and (b) 3LQO.
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role of Sp-bonds in developing new therapeutic
agents for specifically targeting Zn-dependent
proteins.

The PDB file, 3LQO0, involves
metallopeptidases (MPs) and their structure
and mechanism of activation. These MPs carry
out the peptide bond cleavage, and hence, their
deregulation can cause various diseases such as
cancer” and cardiovascular disorders.*! Reports
suggest that TYR149 residue shows a back and
forth movement, also known as tyrosine switch,
which creates a catalytic site at the Zn center in
certain proteins.* In 3LQO, we observed that
the TYR149 residue forms Sp-bonds with the
Zn catalytic center, which is facilitated by the
positive electrostatic potential along the Zn-
HIS96 axis (+89.1 kcal mol™). Since spodium
bonds are simple noncovalent interactions, this
TYR149 residue can easily flip front and back
upon substrate binding. During the catalytic
cycle, a hydrogen bond replaces this residue
and stabilizes the tetrahedral intermediate. This

example shows how Sp-bonds can significantly

contribute to the structural flexibility of the
tyrosine switch rearrangement.

4. Conclusions

Spodium bonds, though less discovered, are
one of the most abundant noncovalent interactions
present in nature. These interactions significantly
contribute to determining the structure of
Zn-proteins and affect their functionality. In
our work, we scanned the PDB database for
Zn-proteins and looked for the presence of
Sp-bonds using certain geometrical criteria.
Since the interaction strength between Td Zn
and its electron-rich partner was observed to
be relatively stronger than all other cases, we
shortlisted only those structures with Sp-bonds
that demonstrate high directionality. A total of 13
PDB structures were taken into consideration as
each of them showed a unique Zn environment,
and energetic calculations were performed. The
AIM and NClplot analysis were performed for
five structures to gain further insight, which
showed that other noncovalent interactions are
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often found along with Sp-bonds, and these
interactions support its formation. Two protein
structures, 5LE1 and 3LQO0, were selected, and
the biological implications of spodium bonding
in such structures were explored in further
detail. These examples showed the crucial role
in inhibiting p-lactam antibacterials and in the
catalytic cycle observed in metallopeptidases.
We are hopeful that the findings of this work will
provide valuable insights into the Sp-bonds and
their functionality. This will be extremely useful
in expanding the understanding of Zn as a Lewis
acid in biological systems and designing new
therapeutic agents, which is a valuable addition
to the scientific community.
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Abstract

Although progress have been made in understanding the origin of the multicolor photoluminescence
in carbon nanodots (CNDs) synthesized via bottom-up approach, it still remains elusive for the
CNDs obtained in top-down method. Here, we present the emission characteristics of the obtained
materials synthesized step-by-step using modified hummers” method, a well-known top-down
approach for the synthesis of CNDs. We show that, while graphite intercalation compound (GIC)
doesn’t show any emission, the multicolor emission is evolving from the pristine graphite oxide
(PGO) itself. The same was also observed in graphene oxide (GO) and in CNDs synthesized in
alkaline medium, however, it vanishes in acidic medium. The enormous amount of homogeneous
oxygen containing surface functional groups, those fully covering the graphitic core structure,
were found to be responsible for the excitation independent emission in acidic medium. On the
other hand, the sub-multichromophoric groups, which were created by the attachment of reduced
surface functional groups to the core structure were accountable for excitation dependent emission
in alkaline medium.

Keywords: Carbon nanodots, top-down synthesis, bottom-up approach, fluorescence origin,
multicolor emission

1. Introduction during the synthesis of carbon nanotubes.!!
Unfortunately, the quantum yield was found
to be extremely low and subsequently, several
top-down methods with their surface passivating
agents were reported to increase the quantum
yield but only upto 10%." Interestingly, in all
of the reports, the photoluminescence spectra
of the CNDs was found to be dependent on the
excitation wavelength. Considering the synthesis
method, where there is a chance of producing
heterogeneous mixture, the multicolor emission
was attributed by the quantum confinement
effect. However, at a later stage, the quantum
confinement was overruled, as in several
instances, the larger sized particle showed blue
emission, while smaller sized particle showed
red emission.

Carbogenic nanodots (CNDs), owing to their
remarkable properties like high brightness, low
toxicity and aqueous solubility, emerging rapidly
in bioimaging, photovoltaics, optoelectronics
etc.’ CNDs are very small in size, typically
ranging from 2-5 nm.” Usually, CNDs possess
8-10 crystalline or amorphous graphene layers
with sp? hybridized graphitic carbon core
embedded by sp® hybridized epoxy, hydroxy,
oxide and carboxyl functional groups.® One of
the unique features in CNDs is their excitation
dependent multicolor photoluminescence.”*
Although various mechanism to explain the
behavior of such multicolor emission is proposed,
the actual photoluminescence mechanism and the
corresponding chemical structure of these CNDs
are still elusive. While the photoluminescence in real CNDs
was a factual problem, the synthesis of CNDs via

CNDs were first isolated as a dot material ;
a top-down approach to increase the quantum

from arc-discharge soot by Xu et al. in 2004
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yield and get the homogeneous structure
posed another problem. Recent reports suggest
that the fluorescence in CNDs synthesized
via bottom-up approach may significantly
originate from molecular fluorophores and/or
their aggregates, polymer dots or quasi CNDs
(molecular fluorophores attached to the core of
CNDs), which were produced as by-products
during CNDs synthesis.>*'* As a result, the
attribution of photoluminescence properties of
the CNDs in several reports may be affected by
erroneous conclusions and misleading artifacts."
Recently, while the issues in photoluminescence
properties of CNDs have been addressed to an
extent, the origin of the excitation dependent
photoluminescence in actual CNDs synthesized
via top-down method is still remains an issue.

Here, using graphite as the precursor, we
present the step-by-step emission characteristics
of the obtained materials synthesized via
modified hummers’ method, a well-known
top-down method for CNDs synthesis. We
present that the multicolor emission actually

evolved from the PGO sheet itself in a top-down
approach and it was continued to be found
out in GO and then smaller size CNDs when
syntehsized upon treatment of GO in alkaline
medium. Surprisingly, the multicolor emission
vanishes and excitation independent emission
was observed when CNDs synthesized in acidic
medium. Several spectroscopic and microscopic
techniques proposed that the enormous amount
of homogeneous oxygen containing surface
functional groups fully covering the graphitic
core structure were responsible for the excitation
independent emission in acidic medium. On the
other hand, the sub-multichromophoric groups,
which were created by attaching reduced surface
functional groups to the core structure, were
accountable for excitation dependent emission
in alkaline medium.

2. Results and discussion

The detailed step-by-step synthesis of GIC,
PGO and GO using modified hummers” method
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is presented in Figure 1a. At first, GIC was
produced by treating 1 g graphite powder and
0.5 g NaNOQ, in concentrated H,SO, (23 ml) and
stirred for 1 h. In this step, intercalation of the
sulphate ions occurred in between the graphene
layers.'® Next, a potent oxidizing agent KMnO,
(3g) was slowly added, followed by constant
stirring for 12 h to synthesize PGO. This step
involved further intercalation and oxidation of
the intercalated compound. Subsequently, once
PGO was formed, 500 ml deionized water was
added to it, stirred for 2 h and then, 5 ml HO,
was added to the above solution, followed by
stirring for 1 h. The residue was separated from
the solution by centrifugation at ~10000 rpm and
GO was obtained as black residue.

The corresponding UV-VIS spectra as
presented in Figure 1b-d confirms the signature
of m-r* (234 nm) and n-* (300 nm) transitions
largely in GO, slightly in PGO but not in
GIC. These data suggest the incorporation of
functional groups such as C=0, -OH and COOH.
The emission spectra of GIC, PGO and GO are
presented in Figure le-g. It is interesting to
observe the absence of any emission in GIC,
while complete excitation dependent emission
spectra in PGO, and both excitation dependent
and independent emission spectra were observed
in GO. As a result, it can be concluded that the
excitation dependent emission starts appearing
in PGO, where the incorporation of functional
groups on the surface, edges (connected to
core structure) might play an important role, as
discussed later.

The thermal stability of GO was monitored
by the thermogravimetric analysis (TGA) data.
The TGA curve showed the first weight loss
below 100 °C owing to the physically absorbed
water molecules on the surface of GO (Figure 2a).
In the next stage, i.e. 150-250 °C, the pyrolysis
of the oxygen-containing functional groups on
the GO sheets is responsible for the mass loss.
A slight mass loss in the range 250-480 °C was
seen and above 500 °C temperature and complete
mass loss of the species was noted.”” Powder
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Fig. 1 (a) Schematic for the synthesis of GIC, PGO and GO from graphite powder using modified Hummers” method.
(b-d) Absorption spectra of GIC, PGO and GO. (e-g) Emission spectra of GIC, PGO and GO.

X-ray Diffraction (PXRD) spectrum revealed two
significant peaks, the peak at ~24.5° represents
the (002) plane of graphitic carbon while a peak
at 9.32° represents the oxidation of graphene
sheets (Figure 2b)."® In addition, we recorded the
Raman spectrum of GO. Raman spectroscopy,
a non-destructive but very powerful to identify
the nature of carbon based materials. Two types
of vibration, namely in-plane vibrations of sp?
bonded carbon atoms, designated as G band
(~1580 cm™) and the out of plane vibrations,
designated as D band (~1360 cm™) are the

important signatures in Raman spectroscopy for
graphene based materials. The D and G bands for
the defect and graphitic states at 1350 cm™ and
1600 cm™ were clearly observed in GO. This data
signifies the crystalline nature in GO with some
defects states which are ascribed to the different
functional groups attached to the graphitic
domain (Figure 2c). Transmission electron
microscope (TEM) images revealed sheets like
structures of GO (Figure 2d).

Next, we synthesized CNDs from GO via
two different experimental conditions i.e. acidic
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Fig. 2 (a) TGA spectra of GO show the thermal stability at various temperature ranges. (b) Powder XRD spectrum of
GO. (c) Raman spectrum of GO shows clear D and G bands corresponding to the defect and graphitic signature. (d) TEM

image of the GO clearly shows the sheet like structure.

(mixture of H.SO, + HNO,) and basic (NaOH
solution) as shown in the schematic diagram
(Figure 3). In acidic conditions, 0.2 g of GO was
dissolved in 10 ml H,SO, (1 M) and 10 ml HNO,
(1 M) solution. The same amount of GO was
dissolved in 1 M NaOH for the basic condition.
Both the solutions were sonicated for 10 min
for the complete dissolution of GO and then
transferred in different autoclaves for heating
at 180 °C for 12 h. After the completion of the
reaction, the autoclaves were cooled to room
temperature. The crude mixture of the product
was first passed through the 0.22 um membrane
in order to remove any unreacted GO. The filtered

solution was then centrifuged at ~10000 rpm
to remove larger species left after the filtration.
The supernatant solution thus collected was
purified via dialysis membrane (1-3 kDa). After
purification of both the systems, the solutions
were characterized individually to get an insight
into CNDs. The CNDs synthesized in acidic
medium will be called as ACNDs and CNDs
synthesized in alkaline medium will be called as
BCNDs in the upcoming discussion.

The UV-Vis absorption spectra of both
ACNDs and BCNDs were recorded. The
absorption was mainly concentrated in the lower
wavelength region, i.e. 200-390 nm signifying
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Fig. 3 Schematic for the synthesis of ACNDs (left) and BCNDs (right) using the GO as precursor material.

absorbance from r-ir* transition in the aromatic
domain and n-i* transition in C=0, -OH and
COOH functional groups (Figure 4a & 4d). The
measured emission spectra for both ACNDs and
BCNDs showed contradictory but interesting
results. In ACNDs, the structured emission
with a peak maxima at around 410 nm and with
completely excitation independent emission was
observed (Figure 4b). The excitation spectra of
ACNDs was a mirror image of the emission
spectra as shown in figure 4c. However, in
case of the BCNDs, the emission spectra were
found to be excitation dependent which is the
characteristic feature of the CNDs as reported
earlier in top-down approach (Figure 4e). The
measured excitation spectra was also closely
mirror image for BCNDs as well (Figure 4f).

Surprisingly, the excitation spectra in both cases
have a high resemblance, suggesting that similar
type of functional groups might be responsible in
the emission of both ACNDs and BCNDs.

To understand the contradicted emission
characteristics observed in ACNDs and BCNDs,
we carried out a detailed characterization of the
materials using Raman spectroscopy, atomic force
microscopy (AFM), TEM and X-ray photoelectron
spectroscopy (XPS). In case of ACNDs, there
was not any signature of D and G bands rather
a high fluorescence background was observed
(Figure 5a). In contrast, the presence of D and G
bands on the top of the fluorescence background
clearly be seen in BCNDs (Figure 5d). However,
interestingly, the tapping mode AFM images
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Fig. 4 (1) Absorption spectra of ACNDs shows different electronic transition (inset shows a clear shoulder around 300 nm,).
(b) Emission spectra of ACNDs shows excitation independent behavior at various excitation wavelengths. (c) Comparison of
emission and excitation spectra shows mirror symmetry in case of ACNDs. (d) Absorption spectra of BCNDs. (e) Emission
spectra of BCNDs show excitation dependent behavior at various excitation wavelengths. (f) Comparison of emission and
excitation spectra shows closely mirror image for BCNDs as well.

showed the spherical morphology of both the
CNDs with a height of 2-6 nm (Figure 5b & 5e).
In addition, the TEM data, as presented in Figures
5¢ & 5f also showed the dots with a size 3-5 nm
in both the CNDs. Nevertheless, the extent of
dots formation was much larger in numbers in
BCNDs than in ACNDs. In addition, ACNDs also
showed some aggregated structure.

For a better understanding of the functional
group on the ACNDs and BNCDs, we carried out
XPS measurements. The XPS survey scan shows
promising outcomes, which shed light on the
different extent of functional groups in both the
CNDs. A strong signal of Cls at 285 eV and Ols
peaks at 531 eV for both ACNDs and BCNDs
(Figure 6a & 6d) was observed. Interestingly,

the high-resolution spectrum of Cls and Ols of
ACNDs confirms the presence of the large excess
of C-OH, C-O, C=0 and COOH functional groups
along with C=C and C-C functional groups
(Figure 6b & 6c¢). On the other hand, the high-
resolution spectrum of Cls and Ols in BCNDs
showed a substantial amount of C=C, C-C, C=0
but a less or negligible amount C-OH and COOH
functional groups (Figure 6e & 6f). In addition,
the amount of C=0 groups also was found to be
a lesser extent in BCNDs than ACNDs.

All the experimental findings suggested
that synthetic conditions play a decisive role in
the emission behavior of CNDs. While in both
the cases dots like structures (as confirmed by
AFM and TEM images) are formed, the Raman
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spectroscopy data doesn’t show the typical D and
G bands for ACNDs, rather a huge fluorescence
background was obtained in this case. On the
other hand the BCNDs showed proper D and
G bands with a fluorescence background. As a
result, it could be concluded that the difference
in the surface functional groups played a crucial
role for the difference in emission characteristics
in ACNDs and BCNDs. The results suggested
that the enormous amount of homogeneous
oxygen containing surface functional group (C-
OH, C-O, C=0 and COOH) fully covering the
graphitic core structure were responsible for
the excitation independent emission in acidic
medium. The sub-multichromophoric group,
which were created due to the reduced surface
functional groups attached to core structure, was

responsible for excitation dependent emission in
alkaline medium.

4. Conclusions

In summary, we unveil the photolumine-
scence mechanism of the CNDs obtained by
top-down method using modified hummers’
method. The multicolor emission was observed
in CNDs when synthesized in alkaline medium,
in contrary, excitation independent emission was
observed in CNDs synthesized in acidic medium.
The enormous amount of homogeneous oxygen
containing surface functional groups in ACNDs
were found to be responsible for the excitation
independent emission in acidic medium. The
sub-multichromophoric group in BCNDs was
responsible for excitation dependent emission in
alkaline medium.
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Fig. 6 (1) XPS survey scan of ACNDs. (b) High-resolution XPS spectra of C1s for ACNDs show the presence of C=0,
COOH, C-0O, C-OH, C-C and C=C functional groups. (c) High-resolution O1s spectra of ACNDs show peak for C=0
functional group. (d) XPS survey scan of BCNDs. (e) High-resolution XPS spectra of C1s for BCNDs show the presence
of C=0, C-Cand C=C functional groups. (f) High-resolution O1s spectra of BCNDs show peaks for C=0, C-O functional
groups.
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Abstract

The applications of quantum dots (QDs) as sensors ranges from simple fluorescent labels, as used
in immunoassays, to intrinsic sensors that utilize the inherent photophysical response of QDs to
fluctuations in temperature, electric field, or ion concentration. In more complex arrangements,
QDs and biomolecular recognition moieties, like enzymes, antibodies are conjugated with a third
component to modulate the optical signal through the mode of energy transfer. QDs can act as
donors, acceptors, or as both in the energy transfer-based sensors utilizing Forster resonance
energy transfer (FRET), nanometal surface energy transfer (NSET), or charge or electron transfer.
The changes in both spectral response and photoluminescent lifetimes have been successfully
harnessed to produce sensitive sensors and multiplexed devices. While technical challenges
related to biofunctionalization and the expensive instrumentation have thus far prevented broad
implementation of QD-based sensing in clinical or commercial settings, interest is growing in
improvements of the bioconjugation methods and detection schemes, using simple consumer
devices like cell phone cameras to lowering barrier for broad use of more sensitive QD-based
devices.

Compared with conventional dye molecules and semiconductor QDs, grapheme quantum dots
(GQDs) have many advantages including their low toxicity, excellent biocompatibility, good
resistance to photobleaching, stable emission and easy modulation. Therefore, GQDs are expected
to be outstanding alternatives to organic dyes and semiconductor QDs for fluorescence sensing
platforms. In this presentation, some typical aspects of synthesis, spectroscopic characterization
and biomolecular sensing of these materials will be discussed.

1. Introduction therapeutic agents as well. Among various types
of diagnostic detection methods, fluorescence-
based techniques offer unique practicalities, such
as high sensitivity, specificity, activatable signal
and multiplexing capabilities and fast acquisition
times. SQDs like CdSe, ZnSe, ZnTe, CdS, CdTe,
ZnS, PbSe, etc. stabilized by some suitable
capping ligands, show size dependent optical
properties having broad excitation with narrow
emission. High luminescence quantum yield and
symmetric emission exhibited by SQDs made them
promising candidate for the applications related
to sensing of metal ions and biomolecules, in-
vitrobioimaging, and immunosensing assays.*"*

Over the last two decades, semiconductor
quantum dots (SQDs) have dominated the field
of nanoscience and nanotechnology owing to
unique and well characterized optical properties.
Among various types of nanomaterials,
semiconductor nanocrystals or quantum dots
and graphene have attracted tremendous
interest because of myriads of possible diverse
applications'. The large surface area to volume
ratios of the nanoparticulatefluorophores enables
them to be endowed with several modalities,
including the targeting of specific biomarkers and
drug delivery capabilities, promoting them as
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Furthermore, large surface area to volume ratio
of SQDs can be utilized for the attachment of
multiple biomolecules to its surface, in order to
produce desired composite for application in
the biomedical field."*However, semiconductor
QDs being unsuitable for in vivo applications
due to reports of toxicity issues relating to the
presence of heavy metals commonly found in
their composition and also the availability of
said elements in nature is relatively low. In
contrast, carbon, on the other hand, is abundant,
inexpensive and is generally considered to be
biocompatible. Thus, GQDs have emerged as
potential alternatives.

Zero-dimensional (0D) GQDs, the latest
carbon family member, contains single or few
layers of graphene with different functionalized
groups on its edge'®’” with a size less than 20
nm'stable photoluminescence (PL, .GQDs
shows several interesting characteristics, such
as stable photoluminescence, biocompatibility,
high PL quantum yield,, excellent solubility,
surface grafting and so on.”*we studied its
effects on the embryonic development of
zebrafish.\nMethods\ nIn vivo, biodistribution
and the developmental toxicity of GQDs were
investigated in embryonic zebrafish at exposure
concentrations ranging from 12.5-200 pg/
mL for 4-96 h post-fertilization (hpf Unique
properties shown by GQDs, make it a promising
candidate for applications in the diverse field
of modern scientific research and technology.
The applications of GQDs in optoelectronic
devices, bioimaging, biosensor, drug delivery,
and other biomedical fields are being extensively
investigated.”*

In this article, the properties of two types of
quantum dots are discussed in the context of using
them as fluorescent labels for sensing biologically
important molecules. As guiding principles
for suitability of the label/probe include: (a)
the optical properties of the probes, such as
their brightness, photostability and convenient
excitation; (b) their chemical properties, such
as the solubility, stability under experimental
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or physiological conditions, availability of
chemical modification strategies for labelling and
appropriate conjugation; (c) the potential toxicity
and biocompatibility of the probe. The aim of this
article is not to deliver an extensive summary of
the literature, but rather to provide a a glimpse
of functionalities of the two quantum dots types
in order to facilitate the choice between them for
a particular application.

2.1. Biological applications

Biocompatibility is perhaps the most
important property of a newly-developed
material when considering its utilisation for
biomedical applications. It is usually evaluated by
considering the cytotoxicity (in vitro toxicity) of
the material and through in vivo studies that look
at biodistribution, clearance routes and longterm
side effects post-injection. Biocompatibility is a
highly complex property that cannot be fully
predicted based on the composition of the
material. For many colloidal nanomaterials,
factors such as nanoparticle size, shape, aspect
ratio, surface functionalisation, encapsulation
layers, presence of external excitation source and
(especially) dose have all been found to have a
profound effect. A number of biocompatibility
studies have been carried for both SQDs and
GQDs. With respect to the former, the toxicity
of commonly used SQDs has raised a lot of
concern due to the intrinsic toxicity of such Cd-
containing quantum dots. Consequently, recent
years saw a shift in the scientific focus towards
the development of non-heavy metal based SQDs
or their encapsulation in protective layers, both
of which have shown reduced toxicity. On the
other hand, the demand for safer alternatives
generated interest in carbon-based nanoprobes,
including graphene quantum dots, which
promised intrinsic biocompatibility. Another
contributor to SQD’s toxicity in vitro and in vivo
is the free radical generation, such as singlet
oxygen, hydroxyl radical (OH), superoxide
anion (O,), hydrogen peroxide (H,O,), and
peroxynitrite (ONOO"). SQDs are extremely
photosensitive and are known to transfer the
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energy to molecular oxygen forming singlet
oxygen, which reacts with water and catalyses the
enzymatic reaction in order to produce reactive
oxygen or nitrogen species (ROS/RNS). The
free radicals can cause damage not only on the
cellular level (cell apoptosis) but can also lead to
mutations in the DNA. Some consider oxidative
stress to be the primal cause of toxicity of QDs
in vitro. However, this production of singlet
oxygen can also be used to an advantage, where
this particular property showed potential in the
application of PDT for a more targeting cancer
therapy as discussed previously. In an attempt to
reduce the toxicity of SQDs, shell coating method
has been applied on numerous occasions which,
as the name suggests, involves coating of SQD
cores with shells of another inorganic material
(e.g. ZnS), small molecules, polymers, proteins
or silica.9,127 The coatings allow for a slower
transport of oxygen to the core surface thus
reducing the rate of ROS production, however,
they do not completely inhibit it and they tend
to be susceptible to degradation in the cellular
environment. GQDs, on the other hand, were first
considered because of their intrinsic low toxicity
owing to their carbon-based compositions and
they have since become an attractive target for
biomedical applications. However, even though
GQDs have been shown to have quite a low
toxicity, it is not altogether absent.

The application of carbon nanomaterial in
the biological area has been one of the leading
research interests of researchers since recent past
years. In particular, GQDs are one of the carbon
nanomaterials which has played animportantrole
in the diverse field of applications. To understand
the properties shown by GDQs, extensive research
has been carried out using different techniques,
like doping, surface and edge functionalization,
shape, size controlling, and so on. Important
teatures of synthesized GQDs are high quantum
yield, tunable PL emission, good water solubility,
resistance to photobleaching, low toxicity, and
biocompatibility. These unique properties make
GQDs a promising carbonaceous nanomaterial

Vol. 34, Issue Number 1&2

January, 2022

for bioimaging and biosensing. Here, advances
in bioanalytical applications of semiconductor
and GQDs have been highlighted.

2.2. Biosensing

By virtue of their unique size dependent
physical and chemical characteristics,
semiconductor QDs may act as optical indicators
for the development of various biosensors. QDs
have triggered extensive attention in describing
sensitive detection of target molecules using
QDs based sensor. Because of its high sensitivity
and simplicity in measurements, QD-based
fluorescence sensor for determination of chemical
and biological molecules have dragged lot of
attention of the researchers Owing to their unique
spectral properties and physicochemical stability,
it is apparent that quantum dots effectively
address some of the limitations encountered by
conventional fluorophores currently forming
the basis for biosensors and bioanalytical assays,
yet quantum dot use in biosensing applications
has thus far been limited to proof-of-concept
experiments. Recent advances in adapting
quantum dots for predominantly in vitro
biosensing applications, such as immunoassays,
nucleic acid detection, and fluorescence resonance
energy transfer (FRET)-based sensing are being
investigated. Here, we focus on the limitations
that have precluded quantum dots from finding
widespread use in biosensing applications.

Multivalency renders quantum dots an
attractive nanoscaffold that can accommodate
multiple copies of different functional elements.
Not only can such architecture result in higher
sensitivity and lower limits of detection, but it
may also serve as a basis for multifunctional
biosensors. However, as previously mentioned,
it is current lack of control over conjugation
stoichiometry as well as the orientation and
conformation of a surface sensing element that is
amajor obstacle to fully capturing the advantages
of multivalency. Failure to determine the exact
number and orientation in space of a surface
sensing element in a reproducible manner can lead
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Figure 1 Schematic demonstration of the pH-dependent energy transfer between the quantum dot and fluorescent protein
(FP). (b) Absorbance spectroscopy indicates multiple proteins bound to each QD, as depicted in the inset. (c and d) Titration
of QD-FP probes containing the FP acceptors mOrange and mOrange M163K, respectively, showing increased energy
transfer at alkaline pHs with clear isosbestic points. (ACS Nano, 2012, 6, 2917).

to either under- or overestimation of an analyte-
specific signal. This is particularly relevant in the
case of ligand-binding assays, where the number
and conformation of ligand-specific proteins
present at the surface of a quantum dot are critical
to accurate determination of ligand potency.

Compared with conventional fluorophores,
quantum dots are characterized by larger size,
which enables multivalency and may be useful
in ex vivo sensing applications. One often-used
strategy employed for designing QD nanosensors
is based on Forster resonance energy transfer
(FRET) with the QDs. Under certain excitation,
the emitted energy form a donor fluorophore
is absorbed by an acceptor molecule which is
present in the closer proximity resulting in the
FRET phenomenon. distance between the donor

and accepter molecule which is typically less than
10 nm. QDs are highly fluorescent species with
good photostability and brightness and act as
perfect fluorescent donor and the target analyte
may induce the occurrence of energy transfer.
To date, quantum dots have been predominantly
utilized as donor molecules in FRET-based
sensing assays. Their use as FRET acceptors
has been limited by two key properties. First,
although their broad absorption profile presents a
distinct advantage in multiplexed experiments, it
results in unavoidable direct excitation. Second, it
has been reported that the lifetime of the acceptor
relative to that of the donor is critical to efficient
FRET. Quantum dots have a longer excited-state
lifetime compared to that of organic dyes, and it
has been shown that FRET is virtually absent in
dye-quantum dot D-A pairs even at favorable
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Figure 2 Specificity of binding of bilirubin with BSA-CdSe
QDs in the presence of other possible coexistent substances
(ACS Appl. Bio Mater. 2020, 3, 12, 882)

separation distances. Further, their relatively
large size becomes a significant concern for in vivo
sensing applications and FRET. The final size of a
water-soluble, functionalized quantum dot poses
a serious limitation, often exceeding the donor-
acceptor distance required for efficient FRET.
Nevertheless, as a result of their high quantum

yield, superior physicochemical stability, and
size-tunable, narrow photoluminescence spectra,
quantum dots have been used in a number of
FRET-based sensors, predominantly as a donor
molecule. To illustrate, the following figure
presents quantum dot fluorescent protein FRET
probes for sensing of intracellular pH (Figure 1).

Besides, FRET operated processes,
luminescence quenching analysis has also
been exploited in a number of applications
for biological sensing. Very recently, bovine
serum albumin (BSA) encapsulated quantum
dots has shown great promise where it was
demonstrated that a strong affinity of BSA toward
bilirubin resulting in luminescence quenching
of the quantum dots can be fruitfully utilized
in determining selectively free bilirubin, a key
biomarker of jaundice, in submicromolar level
in human blood samples (Figure 2).

The use of nanoparticle-based platforms
for biosensing has introduced another powerful
tool to array-based chemical sensing. The QDs
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based sensor arrays are increasingly developed
for the pattern identification of multiple analytes.
For instance, exciton energy transfer-based
fluorescence sensing array has been developed
for the discrimination of different nucleobases
through target nucleobase-triggered self-
assembly of quantum dots (QDs) (Figure 3).

As mentioned earlier, in recent time GQDs
have got tremendous attention as an alternative
to semiconductor QDs for use as biosensor
because of excellent optical properties and more
importantly biocompatibility. GQDs have shown
great promise in detection of biomolecules, ions,
and other compounds with high selectivity
and sensitivity. The high quantum yield and
tunable fluorescence of GQDs are advantages
for sensing. A few typical recent developments
are being highlighted to illustrate the approaches
undertaken to explore the possibilities of
use of GQDs as effective biosensors. Amine
functionalized GQDs based fluorescent biosensor
was developed for the detection of lung cancer cell
biomarker via fluorescence “turn on’ mechanism,
as represented in Figure 4a. FRET based system
can effectively identify complementary and
mismatched nucleic acid sequences with high
sensitivity and good reproducibility. The system
can be applied also for in vivo and in vitro
imaging, and promote the application of carbon-
based nanomaterials inimmunoassays. Similarly,
GQDs can be used as luminescence probe for the
DNA methylation detection and MTase activity
by fluorescence anisotropy. In this case, DNA
probe was connected with the GQDs through end
that contains CCGG sequence. The quenching
of fluorescent intensity of GQDs was observed
due to the interaction of GQDs to DNA strands.
However, florescence intensity was found to be
enhanced when Hpll cleaved DNA strands due
to insufficient M.Sssl enzyme. An important
approach was to design GQDs-aptamer-cDNA
bioconjugates for the detection of ochratoxin A
(OTA). The detection strategy uses the advantage
of structure switching signaling of aptamer on
combining with GQDs. Quenching mechanism
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based on aggregation and disaggregation of
GQDs in the presence of DNA aptamer has been
presented on Figure 4b.The fluorescence signal-
on based platform can detect OTA with high
selectivity and sensitivity. A detection limit of
13 pg/mL was observed with 95-103% recovery
in red wine samples. Recently, sensing of lysine
was shown using GQDs. Lysine was adsorbed
on the GQDs surface via electrostatic interactions,
which triggered fluorescence enhancement at 420
nm. Because of having a small diameter, lysine
approaches GQDs easily, which is responsible
for the change in emission of GQDs. Further, it
is seen that N-GQDs and nitrogen and sulfur co-
doped GQDs(N,S-GQDs) show higher sensitivity
than GQDs. Detection of cancer cell was shown
through folate bioreceptor functionalized
N-GQDs. A comparison was made to check the
specificity of the folate decorated Nitrogen-doped

GQDs (FA-N-GQDs) nanocomposite towards the
detection of MKN 45 with HEK 293 as a normal
cell. A minimum amount of attachment was
observed when GQDs were allowed to make
contact with MKN 45. The targeting ability of
GQDs toward the cancer cells was confirmed by
these measurements.

Curcumin-GQDs based dual-mode biosensor
was developed for sensitive detection of APOe4,
responsible for Alzheimer’s disease. They utilized
the fluorescence and electrochemical properties
of curcumin electropolymerized on GQDs-ITO
(Indium-Tin-Oxide) surface. The dual-mode
sensing platform exhibited good reproducibility,
sensitivity, and selectivity. The limit of detection
(LOD) of the sensor was found to be 0.48 pg.mL-
!. GQDs-enzyme based biosensor was reported
for the determination of hydrogen peroxide and
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glucose. Hydrogen peroxide was formed by
the oxidation of glucose using glucose oxidase
(GOx). The hydrogen peroxide produced was
later allowed to oxidize phenol to quinone. Due
to oxidation of phenol by hydrogen peroxide, the
fluorescence of GQDs-GOx-HRP-phenol system
(HRP stands for horse radish peroxidise) was
quenched. Limit of detection for glucose was as
low as 0.08 1 mol/L.

Attempts are made to compare to the
detection efficiency of SQDs and GQDs. An
estimate was shown as considering only the
photophysical properties of the quantum dots,
the signal that can be obtained with SQDs may
about 7 times larger on using GQDs at the same
concentration. However, this estimate is not so
definitive as extinction coefficient of GQDs is
taken to be same as that for the SQD sample since
the extinction coefficients of GQDs are not well
reported,

3. Concluding remarks

Quantum dots will become, and one can

argue they already are, and indispensable tool
for biological research. Quantum dots will
see increasing use to elucidate the molecular
mechanisms of protein binding, signaling,
and regulation. They will be used to establish
molecular mechanisms of disease and at the

same time become a tool for drug discovery
to treat disease. In the future we may also see
further incorporation of quantum dots as cell
reporters of biological function, implementation
as tools for interrogating tissue, and forming the
basis of novel biochemical assays. The varieties
of commercially available quantum dots for
the research community will continue to grow
and dual-functional nanoparticles will become
available, such as particles that can be used for
dual imaging modalites. We believe that the
future of quantum dots in biology is as bright as
the quantum dots themselves.

Because of unique properties, GQDs find
applications in emerging biomedical, optical and
energy related areas. GQDs synthesized through
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different approaches like top-down and bottom-
up have some advantages and drawbacks.
Microwave-assisted synthesis is simple and one
of the fastest methods. The acidic exfoliation
methods used been extensively employed for the
synthesis of good quality GQDs, although the
methods are cumbersome and time-consuming.
Thus, the synthesizing of GQDs with acid
exfoliation method with a simple procedure
is still challenging and needs to be explored.
Purification of GQDs may be done shortly by
utilizing size-selective precipitation method
instead of dialyzing for days. GQDs can easily get
functionalized with functional groups by using
different techniques. The synthetic procedure
may be chosen based on applications. The
applications of GQDs are diverse. In very recent
years, GQDs with various edge functionalization
have been gaining tremendous prospects in the
field of drug delivery, bioimaging, and biosensing
due to their small size, high fluorescence, and low
toxicity. Excellent loading capacity of GQDs is a
key advantage in drug delivery.

However, some of the properties of GQDs
and mechanism of interactions with different
biological systems require more investigation for
greater understanding of the functional aspects.
Reports on red-emitting GQDs are scarce. Red
emitting GQDs can be of great significance in
bioimaging applications because of the low
absorption in tissues in the range. In the future,
research needs to be carried out on developing
more sensitive and selective biosensors based on
the GQDs. In-vivo toxicity of GQDs are very low.
Hence, more investigation on the toxicological
aspects of GQDs for long term exposure will
help understand its potential for biological
applications.

Finally, despite substantial progress in
nanocrystal surface chemistry and conjugation
strategies, surface modification and functionali-
zation remains the most important issue when
utilizing quantum dots as a basis for biosensing
applications. A single surface modification
step may require several purification steps,
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Abstract

Deep eutectic solvents, consisting of a hydrogen bond acceptor and a hydrogen bond donor are the
novel green solvents with plethora of sustainable applications. Due to the low intrinsic viscosity,
alcohol-based deep eutectic solvents find utility in several applications. Interestingly, alcohols can
act as both hydrogen bond donors and acceptors. Therefore, it is essential to distinguish between
the molecular level interactions and dynamics present in the alcohol-based DES and in the DES-
constituent (alcohol).

In this work, we have performed two dimensional infrared spectroscopy on methyl thiocyanate
dissolved in 1,2-ethanediol and in ethaline (1,2-ethanediol based deep eutectic solvent). Our results
show that the solvation dynamics slows down almost threefold in ethaline when compared to
than in the alcohol. In addition, although the nitrile stretch shows a similar peak-width in the IR
absorption spectra, the alcohol spectrum had a larger contribution from homogeneous broadening.
The intrinsic larger inhomogeneity in the deep eutectic solvent arises from increased configurational
heterogeneity due to hydrogen bonding between the two components, 1,2-ethanediol and choline

chloride.

1. Introduction

In the last few decades, deep eutectic
solvents (DES) have emerged as a promising
green alternative to conventional solvents due
to their various favorable properties, such as
biodegradability, low vapor pressure, high
conductivity, and recyclability."* These favorable
properties of the DES have been utilized in
various fields of chemistry, including carbon
dioxide capture, electrochemistry, organic
catalysis, and bio-extraction. Although different
types of DES has been synthesized since the
seminal work of Abbott and co-workers ,* the
most popular candidate consists of a quaternary
ammonium salt (e.g., choline chloride, CHCI)
as a hydrogen bond donor (HBD) and different
hydrogen bond acceptors (HBA) like amides,
carboxylic acids, and alcohols. THE HBA and
HBD are mixed in a certain mole ratio to prepare

the DES. The choice of the HBA and the variation
in molar ratios can provide tenability of the DES
properties. DES shows a significant depression in
melting point from that of its constituents. The
decrease in the melting point happens due to
the interspecies hydrogen bonding (H-bonding)
between the HBA and the HBD.

What makes DES more desirable is that not
only it has a significantly lower melting point
than either of its constituents, butitis also a liquid
at room temperature. However, the widespread
use of DES is limited by its high viscosity.
Among different DES, alcohol-based DES have
lower viscosity among the others. Analysis of
hydrocarbon chain length dependence on the
viscosity of the alcohol-based DES has shown
that the viscosity decreases with the decrease
in the chain length. A combined theoretical and
experimental study using molecular dynamics
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simulations and two dimensional infrared (2D
IR) spectroscopy connected the viscosities of
the DES to the corresponding timescales of
solvation dynamics.* Interestingly, similar to
the interspecies H-bonding in DES, alcohols
themselves are known to form extended structures

due to interspecies H-bonding as they can be
both HBA and HBD. Although most previous
studies provided an excellent analysis of the DES
characteristics,”” decoupling the contribution of
alcohol in the final DES property is essential to
obtain a molecular understanding of the DES.

In this work, we have utilized the nitrile
stretch of methyl thiocyanate (MeSCN) dissolved
in 1,2-ethanediol (ED) and 1,2-ethanediol-
based DES (ethaline) to understand the subtle
differences in the solvation dynamics using 2D
IR spectroscopy.

2. Materials and Method

MeSCN, Ch(l, 1,2ethanediol of highest
available purity are purchased from the Sigma-
Aldrich. Ethaline DES are made according to the
previous published procedure.”

The IR absorption spectra are recorded in
on a Bruker Vertex 70 FTIR spectrometer with a
2 cm™ resolution at room temperature. For each
sample, ~100 pL of the sample solution is loaded
into a demountable cell (PIKE Technologies)
consisting of two windows (CaF2, 3 mm)
thickness, Shenzen Laser) separated by a mylar
spacer of 100 pm thickness.

The 2D IR and pump-probe spectra were
collected by using a pulse shaper-based 2D
IR spectrometer developed by PhaseTech
Spectroscopy, Inc., USA. A detailed description
of the setup used for this work has been described
elsewhere.* In a nutshell, IR pulses, are generated
with approximately ~60 fs pulse width. The
pulses are then split into a strong pump beam and
a weak probe beam. A germanium acoustic-optic
modulator (AOM) based pulse shaper is used to
generate two pump pulses with a delay interval
of (7). The pump and probe pulses are spatially
and temporarily overlapped and focused at the
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Fig 1: IR absorption spectra of MeSCN in ethaline DES
and 1,2-ethane diol.

sample. 2D IR spectra are acquired by changing
the delay (Tw) between the pump and the
probe pulses. The signal is collected using a
monochromator and detected on a nitrogen- S6
cooled 64 pixel HgCdTe (MCT) IR array detector.
Final 2D IR spectra are constructed by Fourier
transforming the experimental data along the t
axis.

3. Results and Discussion

IR absorption spectra of the nitrile stretch
of MeSCN in ED shows a peak at 2158 cm™ with
a full width at half maximum (FWHM) of ~13.5
cm™. In ethaline, the nitrile peak is centred at 2155
cm™ with a FWHM of ~13.8 cm™. Interestingly,
although the nitrile stretch is ~ 3 cm™ blue-shifted
in ED to that in ethaline, the FWHM of the peaks
are the same within the experimental error. The
blue-shift of the nitrile peak in ED indicates the
presence of extensive H-bonding between MeSCN
nitrogen and the hydroxyl groups. However, the
extent of H-bonding of the thiocyanate nitrogen
is plausibly less in ethaline, resulting in a 3 cm™
red-shift. This is further corroborated by the fact
that the previous study on molecular and ionic
probe in ethaline reported a neligible hydrogen
bonding population.*?

Although there is a difference in the extent of
H-bonding, it is interesting to note that the nitrile
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Fig 1: 2D IR spectra of MeSCN in ethaline DES and 1,2
ethane diol at two different values of T (1 ps and 20 ps)

stretch of MeSCN shows a similar lineshape in
both the IR absorption spectra. Moreover, the
time-averaged absorption spectra cannot report
on any difference in the solvation dynamics
between the two solvent systems. We have
performed 2D IR experiment at different waiting
times to obtain a better understanding of the
microenvironment near the nitrile probe and to
quantify the solvation dynamics timescales.

A 2D IR spectrum spreads the frequency
information in two axes (excitation and detection
axes) and in turn deciphers the different sub-
ensembles hidden in the broad IR absorption
spectrum. Three ultrafast femtosecond (fs)
pulses are focused at the sample in 2D IR
spectroscopy at different time-delays. The delay
between the second and the third pulse, known
as waiting time (T, ), is scanned from few fs to
tens of picosecond (ps) to obtain the dynamic
information. The correlation between the
excitation frequency (caused by the first pulse
excitation) and the detection frequency (caused
by the third pulse interaction) decreases with
increasing waiting time due to spectral diffusion.
For this reason, early waiting time 2D IR spectra
are highly correlated and are therefore diagonally
elongated. The correlation is gradually lostas T |
increases and the spectra become increasingly
upright. The loss in correlation in directly related
to the solvent fluctuation timescale, i.e. a faster
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loss in correlation denotes faster fluctuations.
Thus, a careful analysis of the change in 2D
spectral lineshapes of MeSCN in ethaline and
ED would allow us to decipher the inherent
difference in dynamics of the DES system from
one of its constituents.

Fig. 2 shows 2DIR spectra of the ethaline
DES and 1, 2 ethanediol at a short (1ps) and along
(20 ps) waiting time. Each spectrum contains a
peak-pair corresponding to v=0—v=1 transition
(peak at the right side) along the diagonal (line
shown in Fig.2) and the v=1—v=2 transition (peak
at the left side) shifted by the anharmonicity of
the nitrile vibrational stretch along the detection
axis. Spectral diffusion in ethaline is quite
slow compared to that in ED, which results in
a more diagonally elongated spectrum at 20
ps in the DES. Slowdown of dynamics in DES
compared to that in alcohol can be rationalised
by considering the higher viscosity of the DES.
However the important question remains: how
much of the DES dynamics comes from the
alcohol constituent. To get a quantitative picture
of the dynamical difference in both of the systems
we have implemented central line slope method
(CLS).? CLS analysis effectively constructs a
frequency frequency correlation function (FFCF)
which is fitted to multi-exponentials (see equation
below) to obtain the timescales of the solvent

fluctuation. —t
C(t) = z a;e /i

l

0.7

A 12 ethane diol|
Ethaline DES |
\
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Figure3: T dependent CLS of ethaline DES and 1,2 ethane
diol. Black curves are the exponential fit. Initial drop from
TatT = 0indicates the homogenous contribution.
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Interestingly the CLS decay starts from a
higher value for the DES (~0.65) than the alcohol
(~0.4). If only inhomogeneous dynamics between
the second and the third pulse have contributed
to the CLS decay, the value at T, would have
been unity. The drop in the CLS value at the early
waiting time form unity signifies the homogenous
contribution to the line shape of the IR peak.

The CLS decay curves shown in Fig.3 are
fitted with a bi-exponential decay function for
DES. The fit provides a short time component
of ~2 ps and a long time component of ~37
ps. The CLS decay in ED is fitted with a single
exponential decay function of timescale ~11
ps. The long component of the bi-exponential
CLS decay is known to be sensitive for the bulk
dynamics of the DES and previously shown to be
directly related to the hydrocarbon chain length
of the alcohol of the DES.*!’ The timescale of
long component in pure DES (~37 ps) is higher
compared to that in its individual constituent
(~11ps). Although the viscosity of ethaline is
approximately double than that of ED, it is
important to note that a larger effect slowdown
in solvation dynamics (>3 times) is observed.
This result is somewhat counterintuitive to the
previous finding that the long timescale of the
DES dynamics scales linearly with the viscosity
of the DES for alcohols of different chain length.**
As it is well known that the alcohols forms
all kind of H-bonded polymeric structure, the
pertinent question will be how much of those
polymeric structures persist in the DES. It is quite
evident form the timescale obtained from the
2D IR that introduction of the choline chloride
perturbs the alcohol arrangement significantly to
cause approximately a near three fold decrease
in the long timescale.

In addition, the initial CLS values in
ethaline (~0.65) and in ED (~0.4) indicate a larger
inhomogeneity in the DES. Although, alcohols
form heterogeneous polymeric structures through
an extended H-bonded network, addition of
choline chloride increases the configurational
heterogeneity of the solvent, as reflected by the

Vol. 34, Issue Number 1&2

January, 2022

intial CLS values. Although, both homogeneous
and inhomogeneous line broadening mechanisms
contribute to the lineshapes of the IR absorption
spectra in ED and in ethaline, the extent of these
contributions could not be estimated from the
similar FWHM. 2D IR allows us to dissect these
contributions and brings out the subtle changes
in the molecular arrangements of the solvent
systems.

4. Conclusion

In this study, we have performed 2D IR
spectroscopy on MeSCN dissolved in ethaline
and in ED to estimate the solvation dynamics
timescales in a DES and in one of the DES
constituents. Our results demonstrate that
the solvent fluctuations are slower in alcohol-
based DES than in the pure alcohol. We have
also observed that the relative slowdown the
fluctuation dymamics is larger than the increase
in relative viscosity of the two solvent systems.
In the future, comparison of solvation dynamics
using different chain length of alcohols and
the corresponding DES dynamics will be an
interesting addition to understanding the
fundamental question behind the formation of
the DES.
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Abstract

The development of laser is one of the important milestones in the human civilization and laser

radiations are now extensively utilized in the advancement of the sciences, technology and society.

Also, in the last a few decade laser sources are used extensively in the field of nanotechnology for

the development and determinations of optical properties of nanostructured materials. Recently,

in our group we have also reported some works in this direction and a summary is presented here.

The tuning of the Plasmon Resonance band (PLB) within a wide wavelength range of 400-540 nm

has been achieved by ns pulse Nd:YAG laser induced reshaping of the chemically synthesized

triangular shaped Ag nanoparticles (Tr-Ag-NPs). The used Tr-Ag-NPs after coating of Au layers

are found to exhibit interesting nonlinear optical (NLO) properties, as determined by fs Z-scan

technique. Additionally, Tr-Ag-NPs are further employed in demonstration of random lasing

with a low lasing threshold.

1. Introduction

Since the emergence of the working laser
from the realm of the Science fiction movies in
the late 1950’s, where it was shown as a weapon,
the laser has found its way into a wide range
of applications [1]. Laser finds applications
in the medical field, in auto mobile industry,
in the defense sector as well as in the field of
nanotechnology [1-3]. The widespread use
of Plasmonic nanoparticles (NPs) from the
medical to defense sectors requires a thorough
exploration of their linear and nonlinear optical
(NLO) properties. Laser radiations can be used
to determine various optical properties of NPs as
well as it is possible to tune the linear and NLO
properties of NPs [3]. However, the tuning of the
Plasmon Resonance band (PLB) of Ag NPs from
540 to 400 nm by its reshaping is demonstrated
through the photochemical interaction of Ag NPs
with ns laser pulses. The multiphoton absorption
properties and other NLO parameters of the
triangular shaped Ag NPs with Au coating are
also successfully quantified by performing the
Z-scan experiment under a pump wavelength

of 532 nm and having pulsed duration of 100
fs. On the other hand, in the recent past a lot of
research activities are being carried out in the
development of random lasers (RLs) by using
nanostructured materials as scatterer [1, 4, 5].
Unlike the conventional lasers, in RLs optical
feedback is provided by the scatterers. It has
been predicted earlier that the phenomenon of
random lasing is analogous to a nuclear reactor
and can be achieved through stimulated emission
in disorder-induced light scattering [1, 5]. It has
been found that the synthesized Tr-Ag NPs
may play an important role in the development
of visible random laser light emission with a
relatively low lasing threshold. However, a
summary of some of our recent reports [2-4] are
presented here.

2. Experimental details

The Tr-Ag-NPs are synthesized by using
hydrothermal procedure and then ns laser
induced reshaping is carried out to tune its PLB as
demonstrated recently by our group [2]. Briefly,
the as-synthesized Tr-Ag-NPs (N, ~ 10" nos./
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ml) are exposed to the 1064 nmi.e. Nd:YAG laser
fundamental radiation having pulsed duration
of 10 ns and 10 Hz repetition rate. The exposure
time of laser has been varied but with a fixed
laser fluence (F, ). The morphological and optical
properties of the Tr-Ag-NPs, before and after
exposing to the laser have been investigated
using different characterization techniques. Also,
we have utilized the Plasmonic property of the
Tr-Ag-NPs for generation of random laser (RL)
emission at NIR region under CW pumping
condition in which Hibiscus rosa-sinensis leave
(HRL) extract has been used as gain medium. The
aqueous mixture of HRL extract and Tr-Ag-NPs
is pumped with a 632.8 nm CW laser and the
generated emission spectra is collected by using
a photo detector (Avaspec-2048), placed at an
angle of 60° w.r. t the direction of incidence of the
pump beam [4]. The Tr-Ag-NPs have been further
chemically wrapped with Au layer of thickness 3
nm, and the NLO properties [3] of the synthesized
Au coated Tr-Ag-NPs (Tr-Ag-NPs@Au) has been
investigated by Z-scan technique at 532 nm with
100 fs pulsed laser radiation.

3. Results and discussion

3.1. Effect of ns pulsed laser radiation on the
shape and surface plasmon resonance band
of Tr-Ag-NPs

It has been found that reshaping of
nanoparticles is possible by exposing those
materials in the high power pulsed laser
radiation of appropriate wavelength, fluence
and laser ablation time duration. Recently, we
have demonstrated reshaping of chemically
synthesized triangular shaped Ag nanoparticles
(Tr-Ag-NPs) through laser ablation in liquid
(LAL) technique [2]. The Tr-Ag-NPs are exposed
to 1064 nm Q-switched Nd:YAG laser radiation
for various time durations but the fluence of the
incident laser radiation is kept fixed at 104 J/
cm? [2]. To find the effect on the linear optical
absorption properties of Tr-Ag-NPs the UV-Vis.
absorption spectra of the Tr-Ag-NPs before and
after ns pulsed laser irradiations are measured
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at room temperature and the summary of the
obtained results are shown in Fig. 1 (a).

Figure 1 shows that the PLB of Tr-Ag-
NPs (0 min) is located at 538 nm [2]. And after
the samples are exposed to the ns pulsed laser
radiation, the PLB is blue shifted due to the
truncation of its sharp corners (as can be found
from the TEM images of the samples shown in
Fig. 1(b)). From Fig. 1(a) it can be observed that
after 40 min of exposer the PLB is shifted to 489
nm. Also after 40-60 min of laser exposure the
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360 450 540 630
Wavelength(nm)

(b)‘ 0 min « 20 min -
: ° .

{111
Strong binding

sJv®

Fig1: (a) UV-Vis. absorption spectra of Tr-Ag-NPs before
and after laser exposer. (b) TEM images of Tr-Ag-NPs
before and after laser exposer. (c) Schematic of laser induced
reshaping mechanism. (d) The shift in the PLB position
(AX) w.r.t. that of as-synthesized Tr-Ag-NPs (i.e. 0 min
sample) is plotted against the exposer time (Adapted from
the ref. no. 2).

shape of the NPs has become near spherical type
[2].

The reshaping of the Tr-Ag-NPs has been
confirmed from the typical TEM images,
presented in Fig. 1 (b). The reason behind such
laser induced reshaping is described below
briefly [2]. At the top and in the bottom, the flat
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faces of Tr-Ag-NPs are consisting of {111} plane,
which is the most stable facet of Ag. The Ag atoms
which are present in the sharp corners of the Tr-
Ag-NPs are loosely bound and through Coulomb
explosion process these may come out from the
NPs during the laser ablation experiments [2].
Consequently, the share edges of the Tr-Ag-NPs
get truncated, as shown schematically in Fig.
1(c). In Fig. 1(d), the shift in the PLB position (A1)
w.r.t. that of as-synthesized Tr-Ag-NPs (i.e., 0 min
sample) is plotted against the exposer time and
from this it is clearly found that as the fluence
is increased to 182 J/cm? the reshaping process
even becomes faster.

3.2. Determination of nonlinear optical
effects of Au coated Tr-Ag-NPs by fs Z-scan
experiments

A material medium may get polarized on
exposure to an electromagnetic wave and it can
be written that the induced polarization (P) is
proportional to the incoming electric field (E)i. e.,

B(r,t) = ggxWE(r, o). 1)

The intense electric field of laser can induce
the electric polarization in atoms and molecules.
But when the incident field is sufficiently intense
then the polarization becomes nonlinear and
many optical properties that are nonlinear in
nature are begins to appear which are hardly
evident in the low intensity region. However,
when the intensity of the incident E. M. radiation
is sufficiently large then the polarization is related
to the incident the electric field vector as can be
written as [6],

—

P = goxWE + oy PEE + oy ®EEE +
coX WEEEE + ---.

Where, x®, x®, etc. are the nonlinear
susceptibility of second-, third- order etc. of the
materials. In terms of the order of magnitude three
susceptibilities are in the ratio x:x®:x®=1:10%10
16 16]. It is well established that the first order
susceptibilities x” is responsible for the linear
refractive index, birefringence and dispersion [6].
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Fig 2: A schematic representation of linear and nonlinear
(i. e., 2PA) absorption processes.

On the other hand, the second order susceptibility
x?is responsible for interesting NLO phenomena
like SHG, parametric generation or frequency
mixing and third order nonlinear susceptibilities
x@ is responsible for the nonlinear absorption
(NLA), third harmonic generation (THG), etc. [6].

However, the linear and nonlinear 2PA
processes are shown schematically in Fig. 2. In
presence of more than one NLA phenomena,
the intensity dependent NLA can be expressed
as a function of the incident intensity (I) as [7, 8],

a = o+ Bapal + Bapal® +

Among different available techniques, open
aperture (OA) Z-scan technique is very much
useful in the determination of the NLO properties
of any materials including the NLA properties of
the nanostructured materials [3, 6, 7].

Tr-Ag-NPs are known for their local field (LF)
effect and by coating it with Au, the magnitude
of the LF can be significantly enhanced as found
from COMSOL simulation (data not shown here)
[3]. We have prepared a typical Tr-Ag-NPs@
Au core-shell nanostructure, with Tr-Ag-NPs
as core and Au shell of thickness around 6 nm
as determined by TEM measurements (a typical
TEM image is shown in Fig. 3a). The enhanced
LF in such Tr-Ag-NPs@Au nanostructure may
results in higher order NLO response.
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A schematic of the usual Z-scan setup
has been shown in the Fig. 3 (b). The sample is
scanned through the pre and post focal positions
of the first lens and far field transmission traces
are measured. The scan range is dependent on
the several factors and most importantly on the
sample thickness. The sample thickness is usually
kept in such a way that its value becomes less
than the Rayleigh length so that the thin sample
approximation is becoming applicable. When
simultaneously two different k and (k+1) PA
nonlinear absorption processes are present in the
medium, then the propagation of the laser beam
can be monitored with the Eq. 4 [7].

dl
az —Bol — ﬂkPAIk - .3(k+1)PAI(k+1) (4)

Where, B, ,, is the kPA coefficient. When the
medium exhibits only 2PA, its coefficient $,,, can
be obtained by fitting the normalized OA Z-scan
transmittance data with the following solution of
the above Eqn. 4 [8],

B L9
k+12(+22/29)| ()

T(Z) = Xm=o

Here, Leff, represents the effective path
length of the medium travelled by the light pulse,
and L is the actual length of the medium.

In case of three photon absorption (3PA)
induced 4PA process the p,,, and §,,, can be
determined by fitting the normalized OA Z-scan
data by using the following solution of Eq. 4 as [7],

T(Z,3,%4) = Ynzo Xizo Gnith 3Pk (6)

1
]k—l

I (G

eff
Where, ¢, = 122770 (7)

In the present study the co-presence of three
and four photon absorptions (3PA & 4PA) at 532
nm is successfully identified by using the Z-scan
technique in OA mode with an ultrafast (100 fs,
1 KHz) laser radiation.

The OA Z-scan data shown in the Fig. 3(c)
and the symmetrical valley in both side of the
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Fig 3: (a) TEM image of the Tr-Ag-NPs@Au nanostructure.
(b) Schematic representation of the Z-scan experiment
setup. (c) Theoretical fitting to the OA Z-scan data with
2PA, 3PA, 4PA and 3PA induced 4PA model and in the

inset In(1-T,,) vs In I plot is presented. (Fig. C was adapted
from the ref. no. 3)

Z=0, represent the reverse saturable absorption
behaviour of the Tr-Ag-NPs@Au nanostructure.
Interestingly, the appropriate fitting to the
normalized OA Z-scan data is obtained with the
Eq. 6 by considering the co-presence of 3PA and
4PA [Fig. 3(c)].

The extracted value of §,,, and B,,, are found
to be (5.3 to 0.18) x 10~ (cm?/GW?) and (0.18 to
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48) x 107 (cm®/GW?), respectively, for I, lying
between 51 and 89 GW /cm?. The linear fitting of
the In(1-T ) vs. In (I) data [shown in the inset of
Fig. 3(c)] showed that the slope of the line is 2.6 at
1,=89 GW/cm? This result also established that
4PA phenomenon is contributing to the nonlinear
optical absorption in the sample during the OA
z-scan experiments.

In recent times high power lasers are
extensively used in various applications ranging
from industry to medicine. These has generated
much research interest towards the search for
new NLO materials which can acts as a passive
optical limiter and protects human eyes as well
as the optoelectronic instruments and solid-state
optical sensors from their damages even in the
presence of intense laser beams. The optical
limiting (OL) property of a device is defined by
its capabilities to keep the output power below
some specified maximum value regardless of the
magnitude of the input laser attains a high value
i.e, it's transmittance drops drastically at high
input power. OL performance of a material is
being measured by its value of limiting threshold,
defined by the input fluence at which the intensity
of the output beam drops by 50 % w. 1. t. the input
beam intensity. In our study the OL threshold for
the Tr-Ag-NPs@Au nanostructure is found to be
5.4 mJ/cm? which is very much lesser than those
of some 2D nanomaterials, like MoS,, graphene,
and graphene oxide nanosheets [3]. Also, further
discussions related to this work have been made
elaborately in Ref. [3].

3.3 Application of Tr-Ag-NPs in development
of random laser

The basic component of laser [9] contains a
gain medium, a mechanism to energize it, and
something to provide optical feedback as shown
schematically in the Fig. 4(a). In most of the cases
a pair of highly polished parallel mirrors [10]
provides the optical feedback. Light enters into
the gain medium from a highly luminous source
(pumping), travels through the gain medium,
bounces back and forth by the mirrors and
simultaneously gets amplified by the stimulated
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emission from the gain medium. However,
there are several conditions that must have to be
fulfilled if the laser is to operate successfully. The
cavity condition is so chosen that the total gain
in the cavity is larger than the losses, the system
reaches a threshold and lasing process starts. The
emission characteristics of lasing modes i.e., the
directionality and its frequency are determined
by the cavity parameters. In conventional laser
any randomness is undesirable because it drives
the system away from the lasing condition.

In our secondary class we often learned why
the sky appears blue? It is due to the scattering
[11] of the sunlight by molecules, tiny water
droplets and dust particles in air. Smaller the
wavelength more will be the scattering and this
is why sky appears blue. Thus, scattering plays
a very important role in our daily life. Each
object which appears opaque, scatter incident
light in all directions. Scattering of classical
wave in random medium has been studied for
centuries. The Brownian motion [12] which is
microscopic manifestation of diffusion process
(wave propagation) in the macroscopic level was
first observed by Robert Brown in year 1827 while

Scatterep

Conventional Laser Random Laser

& 510152025
1 (W/em?)
§ (vwcm)

650 700 750 800 850 900 950°-2
Wavelength (nm)

Fig 4: (a). A schematic diagram of a conventional and
random laser. (b) Schematic representation of RL generation.
(c) Emission spectra of HRL in presence of Tr-Ag-NPs at
different input intensities (I, in W/cm?), inset: variation
of emission intensity with I . (Adapted from the ref. no. 4)
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looking through a microscope at particles trapped
in cavities inside pollen grains in water. Brownian
motion was researched by Langevin and Einstein
in the late 19th and early 20th centuries [12]. After
the discovery of the diffusion equation, random
travel of classical particles could be examined
quantitatively using the diffusion coefficient.
Boltzmann explored the classical non-equilibrium
transport problem and proposed the renowned
Boltzmann equation. In 1958, Anderson has
reformulated the Boltzmann’s equation during
the introduction of localization of electrons in a

spatially random potential 1, 5, 11-14].

The transport of light intensity in such a
context of strong scattering can be characterized
by a random walk [1, 13-14].

Multiple scattering traps light, transforming
the disordered material into a virtual cavity. In
a typical laser, this can be utilized to observe
a lasing threshold in the presence of gain and
induced amplification of spontaneous emission.
A “random laser” is a laser that does not have
any reflectors [15]. The deliberate creation of
nanostructured scattering environment inside a
gain medium helps in amplification of photons
occuring via multiple scattering events, before
they exit the gain media [16], as shown in Fig.
4(b).

Unlike the conventional lasers, RLs do
not require a complicated and costly optical
arrangement. RLs can be either coherent or
incoherent depending on the type of feedback
mechanism. Generally, coherent or resonant
feedback occurs in strongly scattering regime
i.e.,, when the scattering mean free path (I ) of
light is close to the emission wavelength (I <
A). In coherent feedback induced RLs; above
threshold pump energy, dramatic enhancement
in the emission intensity could be observed with
the appearance of discrete lasing modes [5].
However, incoherent or non-resonant feedback
induced RL emission can be observed when [ >
Ai.e., in weakly scattering regime. Depending on
the type of scatterer, a RL system can be either
active or passive. In active RL system, both
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amplification (gain) and scattering are offered
by the same element.

Likewise, in our case, Plasmonic property
of the Tr-Ag-NPs has been used as passive
scatterer for generation of RL emission from a
bio-pigment i.e., HRL extract (gain medium)
under CW pump laser, as shown schematically
in Fig. 4(b). Figure 4(c) depicts the pump intensity
dependent spectra of HRL extract in presence of
Tr-Ag-NPs as scatterer. Furthermore, details of
the theoretical calculations for estimation of [ ,
and other parameters controlling the RL action
in HRL extract are available in our recent report
[4]. However, RL emission from HRL extract at
~ 674 nm is achieved with a lasing threshold of
16.8 W/cm? (inset, Fig. 4 (c)) in the presence of
Tr-Ag-NPs as passive scatterer.

4. Conclusions

Laser radiations are found to be playing
important roles in development of materials for
different applications. Laser radiations are also
employed in the field of nanotechnology for
development, reshaping and characterization
of properties of nanostructured materials. Here,
the tuning of the Plasmon resonance band of Tr-
Ag-NPs has been shown to be possible by simply
exposing it to ns pulse laser radiation operated at
the wavelength of 1064 nm. The NLA coefficients
ie., B,,, and B,,, are also determined by using
an (532 nm, 100 fs) pulsed laser radiation and by
using Z-scan technique. Furthermore, generation
of Plasmon assisted RL in the visible region has
been found to be possible from a bio-pigment by
using Tr-Ag-NPs has been described as passive
scatterer element.
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Abstract

Supramolecular self-assembly with tunable emission found enormous attention for diverse
applications in light-harvesting, nanodevices, bioimaging, sensing, and switches. However,
deciphering the evolution of molecular self-assembly from a solution leading to diverse
nanostructures is a challenge. The morphology of the molecular aggregates can be obtained using
electron microscopy, i.e., solid-state analysis. On the other hand, their optical properties are mostly
studied in the dispersion state. Nevertheless, asserting a correlation between the morphology
and the emission property in the dispersion is often rudimentary and needs a critical assessment.
Recently, we deciphered a combined picture of the evolution of supramolecular nanofibers from
solution through oblong-shaped nanoaggregates correlating the intriguing processes of molecular
self-assembly in both solution/ dispersion and the solvent evaporated state using a thiophene-based
small organic molecule, TPAn. In this article, we emphasize the scope of fluorescence correlation
spectroscopy (FCS) as an emerging tool to probe the evolution of molecular self-assembly in
complex and heterogeneous media.

1. Introduction

Self-assembly deals with the thermo-
dynamically driven spontaneous associations
of molecules through noncovalent interactions
that play a unique and significant role in creating

6‘@/

~

gtrudl self-asse,
S

several complex bio-architectures like DNA,
proteins, peptides, etc., and regulates diverse
cellular activities.! Myriad unique patterns are
evident in nature, such as the feather of the
peacock, petals of flowers, seashell, etc. Such
natural self-assembly processes have been
encouraged researchers to construct diverse
nano/microarchitectures of the micelle, vesicles,
gels, etc., over the last few decades (Figure
1).? Additionally, the tunable emission of
such artificial self-assembled structures found
immense applications in light-harvesting,
biomedicine, sensing, and imaging.> Thus,
exploring the underlying mechanism behind the
formation of supramolecular self-assembly and
probing their dynamics is necessary to construct

m%
%
=z

S
Aggregated &

proteins
Aggregation in biological systems

Proteins

Figure 1. Schematic illustration depicting the theme of the
article probing the evolution of molecular self-assembly
through a combined microscopic and spectroscopic
approach; the pictorial representation of diverse natural
and artificial self-assembled structures.
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Table 1. Different analytical tools to probe
the molecular self-assembly in solution/
dispersion and solid-state.

Solid-state Solution/ dispersion

® Field emission scanning
electron microscopy (FESEM)*

® Dynamic light
scattering (DLS)®

® Transmission electron
microscopy (‘.I"EM)5

® Fluorescence correlation
spectroscopy (FCS)®

® Atomic force

6 Challenge:
microscopy (AFM)

deciphering the evolution

of molecular self-assembly

® Confocal laser scanning ) ! ) !
in solution or dispersion

microscopy (CLSM)7

efficient multifunctional molecular materials. In
this context, microscopic imaging tools such as
transmission electron microscopy (TEM), field
emission scanning electron microscopy (FESEM),
atomic force microscopy (AFM), and confocal
laser scanning microscopy (CLSM) are useful
to elucidate the self-assembled structures only
in the solid-state (Table 1).*” On the other hand,
probing the evolution of molecular self-assembly
in the solution is not straightforward. In this
view, fluorescence correlation spectroscopy (FCS)
finds an important consideration to understand
the growth of diverse self-assembled structures
in solution and dispersion states (Table 1).° The
fluctuations of the fluorescence intensities due
to molecular diffusion and/ or conformational
variation were invoked to demonstrate several
dynamic processes like conformational changes
of proteins, different binding processes (e.g., dye
and proteins), aggregation, etc. However, the
exploration of FCS as a tool in material chemistry
to understand the growth and dynamics towards
the formation of diverse nanomaterials to
polymers, covalent organic frameworks, etc., has
been rarely explored to date.

y-Cyclodextrin (y-CD) and coumarin 153
(C153)-based nanotube formation in solution
was explored by Bhattacharyya and coworkers
using FCS.!’ The diffusion time (t,) obtained
from the FCS analysis was employed for the
determination of the length of the nanotube. The
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results indicated that the nanotubes were much
larger (~ 480 times) than that of the 1:1 complex
of y-CD and C153 and the nanotube consisted
of ~ 950 y-CD units. Ganguli and coworkers
explored the evolution of iron oxalate nanorods
using electron microscopy and FCS." The FCS
data revealed that nanoparticles formed at the
initial stage further agglomerated to form the
nanorods. We demonstrated an intriguing case of
the evolution of all-organic molecular anisotropic
nanostructure through spontaneous self-assembly
in solution employing a r-conjugated thiophene-
pyridoacetonitrile-based small organic molecule,
TPAn, using FCS coupled with FESEM and
TEM." In this article, we would like to highlight
the scope of FCS analysis to elucidate the complex
self-assembly processes of m-conjugated organic
molecules using the results obtained with TPAn.

2. Experimental Section

The Knoevenagel condensation reaction
was employed to obtain TPAn from the
precursor molecules 4,4’-(thiophene-
2,5-diyl)dibenzaldehyde (TBA) and 2-
pyridylacetonitrile.” The stock solution (0.2 mM)
of TPAn was prepared by dissolving 1 mg of the
solid compound in 10 mL of tetrahydrofuran
(THF). Then, 30 pL of the solution was quickly
added to 3 mL of THF-water mixture under
sonication for 1 min. As prepared dispersion
was used for the spectroscopic measurements.
TPAn dispersions were drop-casted on a silicon
wafer and subsequently dried under vacuum for
6 h for the electron microscopy measurements.
The FCS data for the dispersions with 50-70%
water content and acid-base-induced reversible
morphological transformation were fitted using
the two-component diffusion model for both
free and aggregated TPAn (equation 1). A three-
dimensional (3D) diffusion model was used to
tit the FCS data for TPAn in 20% THF and 80%
water containing dispersion (equation 2).'

o0 -3 7 [ o
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1 1

Gsp(7) = p e F7—= 0
3)) D

The autocorrelation function is noted as
G(1) in the equations. The average number
of fluorescent particles in the focal volume is
abbreviated as N. The total diffusion time is
and the correlation time is 7. The total diffusion
times for the free TPAn molecules (y) and TPAn
aggregates (1-y) are denoted as and , respectively.
@ is the structural parameter, and it is the ratio
of longitudinal radius (w,) and transverse radius
(@,,) for the confocal volume. Rhodamine 6G
solution was used as a standard to calibrate the
instrument.’
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3. Results and discussion

Our cardinal objective is to highlight
the distinction between the self-assembled
nanostructures obtained in the dispersion probed
by fluorescence correlation spectroscopy (FCS)
and that imaged after drying the same dispersion
through electron microscopy using TPAn as a
model system. TPAn exhibited green emission
in organic solvents. A THF and water mixture
was used to probe the molecular self-assembly
of TPAn. A drastic change in absorption and
emission was noticeable for the dispersion
with a water content of 80%. The dispersions
of varying water contents (60%, 70%, and 80%)
were drop-casted to visualize the morphology

Dispersion state analysis
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Figure 2. Molecular structure of TPAn. The digital photographs of TPAn in THF (5 uM) and THF-water binary solvent
mixture under UV irradiation (I = 365 nm); corresponding electron microscopy images of the TPAn dispersions with the
varying water fraction. (b) The normalized FCS traces for TPAn both in THF (1 nM) and in THF-water solvent mixtures
(2 uM). (c) Acid-base-induced reversible morphological transformation of TPAn dispersion (20% THF-80% water) between
connected network of nanofibers and discrete nanoparticles at pH ~ 0.7 and ~ 7.2, respectively demonstrated through
FESEM images and the corresponding dispersion under the illumination of UV light (1= 365 nm). (d) The normalized
FCS traces of the TPAn dispersion (20% THF-80% water) at pH ~ 0.7 with increasing time up to 30 mins. (e) The space-
filling model for the nanofibers of TPAn. The figure was adapted from the reference number 12.
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Figure 3. Pictorial representation highlighting the distinction of the nanostructures obtained in the dispersion probed by
fluorescence correlation spectroscopy (FCS) and that obtained after drying the same dispersion through electron microscopy.

of the aggregates through different microscopic
tools like FESEM, TEM, and AFM. A sequential
morphological evolution from spherical, oblong-
shaped particles, to connected networks of
nanofibers was noticed by tuning the polarity
of the medium by increasing the water fractions
from 60% to 80% (Figure 2a). However, the
morphological transformation (particles to
connected networks of nanofibers) due to the
evaporation of the solvent molecules during the
sample preparation for the microscopic analysis
could not be ruled out. Thus, we employed
FCS to understand the aggregation behavior
in the dispersion state itself. Only a four-fold
enhancement in the diffusion time was noticeable
for the aggregates having a water content of 80%
as compared to that of 70% (Figure 2b). On the
other hand, the FESEM images showed a drastic
change in the morphology for the dispersions
with a water content of 80% compared to 70%
(Figure 2). The diffusion time obtained from
the FCS analysis was further used to calculate
the length of the nanofibers in dispersion by
solving the equations 3-5 at Stick hydrodynamic
boundary conditions through the Newton
Raphson method.

_ kgT

™ 2mmeL
kgT

L= 4TinL

Dy = (Dy +2D1)/3

Here, the Boltzmann constant is denoted
as k,. T is the temperature during the time of
the measurements. 1) is the viscosity of the
medium. The diffusion coefficient parallel to the
major axis and minor axis were denoted as D
and , respectively. is the total diffusion time.
The length and the diameter of the fibers were
denoted as L and d, respectively.

FCS analysis revealed the formation
of smaller-sized (~ 0.4 pm) anisotropic
nanoaggregates in the dispersion contrary to
entangled long nanofibers obtained through
electron microscopy. These smaller-sized
nanoaggregates were converted to the network
of nanofibers through solvent evaporation during
the sample preparation for FESEM/ TEM/ AFM
studies (Figure 3).

External stimuli like acid-base, light,
temperature, etc., play an important role in
regulating the dynamics of self-assembly
processes.”® In addition to obtaining the length
and hydrodynamics radius of aggregates,
the FCS measurements along with electron
microscopy can also be used to elucidate the
dynamics of the molecular self-assembly in the
solution/ dispersion. Primarily, the electron
microscopy images demonstrated the reversible
morphological transformation of TPAn between
the connected network of nanofibers and
spherical nanoparticles through the addition of
acid and base, respectively, to the 80% water-
containing dispersion (Figure 2c).’> The FCS
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study for the acid-base-induced aggregation-
disaggregation processes further shed light on
the dynamics of the self-assembly process (Figure
2d). FCS traces of the TPAn dispersion (80% water
content) were found to be similar to that obtained
for THF solution upon addition of acid. The same
FCS trace (80% water-20% THF) was obtained
upon the addition of the base to the acidified
dispersion (Figure 2d). Thus, the combination
of FCS analysis and electron microscopy can
provide a better understanding to the evolution
dynamics of diverse self-assembled structures in
a solution or a dispersion state.
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Abstract

Faecal pigments (FPs) analysis is an emerging and very active area in the field of water quality
analysis and monitoring. The presence of faecal pigments like stercobilin (SB) and urobilin (UB)
is considered as indicators of faecal pathogens in water. A detailed photophysical study of the
pigments and their zinc (II) complexes shows that in aqueous media, FPs have the intriguing
presence of multiple emitting species, which indicate the coexistence of monomers (A_= 525 nm,
=506 nm, A_ = 516 nm), and higher-order
H-aggregates (A =480 nm, A =500 nm) even at a very low concentration. Hydrogen bonding as

A= 540 nm), lower-order H-aggregates (dimers) (A_
well as i1-11 stacking interactions appear to play major roles in the formation of H-aggregates by the
FPs. This work uses spectroscopic, thermodynamic and computational techniques to investigate
the nature of the FP-Zn(II) complexation. Disaggregation of FPs and their subsequent complexation
results 1:1 and 1:2 stoichiometry of FP-Zn(II) complexes. The insolubility of FP-Zn(II) complexes in
water is increased which results the development of molecular aggregates of the complexes. This
is the primary reason of time-dependent loss of FP-Zn(ll) fluorescence which adversely affects
the sensitivity of FPs detection in the aqueous medium. Both spectroscopic and computational
evidence corroborate well with this proposed model. The study was further extended by utilizing
this aggregation-induced emission phenomenon of FPs by using a series of primary alcohols
with increasing viscosity. FP-Zn(II) has stable and maximum fluorescence intensity in 1-hexanol.
Furthermore, 1-hexanol can also be used as an efficient extraction medium for FPs, which can
enhance fluorescence as well as minimization of matrix components interference for high sensitivity
detection (picomolar and sub picomolar concentration). This molecular-level understanding of
FPs and FP-Zn(II) fluorescence behaviour could contribute to the development of aqueous phase
analytical techniques based on fluorimetric detection of FPs.

1. Introduction among other water contaminants because they
act as a growing medium for various pathogenic
and non-pathogenic organisms like viruses,
bacterias etc. These water contaminants can
only be managed by developing an online water

monitoring and remediation system.

Water pollution is a major concern in present
days due to contamination of environmental water
with the millions of industrial, agricultural and
chemical waste. Faecal matter (FM) is considered
the primary source of water contaminant

due to pathogenic viruses and bacterias. FM
contains undigested carbohydrates, bile pigments
(bilirubin, stercobilin (SB) and urobilin (UB)),
dead leukocytes, protein, fat and inorganic
substances.! The chemicals hydrogen sulfide,
indole and skatole, are produced by various
bacterial actions, which causes the odour of
faeces.? Faecal pollutants are considered serious

Faecal pigments (FPs) are open tetrapyrrole
class of compounds. Urobilin (UB) and Stercobilin
(SB) constitute important components of this
class of pigments.* In hemolysis, bilirubin is
produced, which form urobilinogen in the
intestine.>® Urobilinogen is converted to yellow
colour urobilin, which can be found in the urine.’
The stercobilinogen in the intestine is reduced




ISRAPS Bulletin Vol. 34, Issue Number 1&2 January, 2022

Spleen

Heme
break down Urobilinogen

b Bilirubin )
(unconjugated)
Bilirubin COH

HO,C
(conjugated)
- = I\ = =
Urobilinogen 7z
ﬁ HO,C, COH
Urobilin KM
(o] N N H

T oy (ame/day) " i ’

Stercobilinogen ——)Stercobilin

COH

HO=Q (200mg/day)
N N N N No

" H H

Intestine

Fig 1: The metabolic pathway for the formation of urobilin and stercobilin in the human body. (The concept of the scheme

was adapted from Kumar et al.’ and recreated with Chemdraw 20.0)

directly to brown stercobilin, which gives the
faeces to brown colour.® The detailed metabolic
pathway for the formation of urobilin and

stercobilin is presented in Fig 1. The amount of
faeces excreted by an adult human is 100-250 mg
of SB in faeces and 1-4 mg UB in urine per day.>
7 This contribution is still much more from other

livelihoods. FPs are excreted by many mammals,
including humans, animals (cows, horses, and
pigs), and birds.**° Many studies have revealed
that faeces contaminate environmental water
even in vary trace concentration.*’

2. Primary sources of faecal matter pollution

Ground and surface water quality is
essential to public health in developed as well as
developing countries. This water source is often
utilized as a primary source for drinking water
and food production use. Thus, there is a strong
need for reliable evaluation of primary sources of
faecal matter to successfully enforce and monitor
water management practices to remediate faecal
contaminants.

Broad classification of the primary sources
of faecal pigment is (i) wild animal and bird

waste, (ii) mismanagement of pet waste and (iii)
improper planning of sanitary waste as depicted
above (Fig 2).

FPs are considered as primary sources of
water contaminants and the most relevant cause
of human illnesses worldwide. The World Health
Organization (WHO) had already recognized
in 2018 that globally about 2 billion people
use drinking water sources contaminated with
faeces.”” Thus, a cost-effective, rapid and real-
time analytical method for water quality analysis
is needed to be explored. The enhancement of
FPs fluorescence by Zn(Il) in alcoholic media
is often used to detect and determine the faecal
matter in aqueous media (Schlesinger’s test).
However, this is a laboratory based technique
and is not amenable to on-site monitoring. At
present, there is no easy-to-use and reasonably
robust screening test available, based on the
fluorescence of FP-Zn(Il) complexes, despite its
sensitivity. A detailed photophysical study of
the complexes could enable adaptation of the
existing method for real-time application. It has
also the possibility of reaching the sensitivity
levels offered by more sophisticated, expensive
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Fig 2: The primary source of urobilin and stercobilin contamination in ground and surface water. (Concept adapted from
https://swuertzlab.com/research/ and recreated with Chemdraw 20.0)

and time-consuming instrumental methods
like high-performance liquid chromatography-
electrospray mass spectrometry (HPLC-ES-MS)
and Gas chromatography-mass spectrometry
etc. 112

This article summarizes some of our recent
work to towards understanding the fluorescence
of urobilin, stercobilin and their Zn(II) complexes
in water and other solvent media with particular
focus on developing sensitive fluorescence based
analytical methods that can be rapid and low-
cost. For this work stercobilin hydrochloride
and urobilin hydrochloride were purchased
from Genetix biotech and Frontier Scientific,
respectively. Photophysical studies were carried
out by UV-2600 (SHIMADZU) for absorbance,
Aqualog Horiba Jobin-Yvon and Fluoromax-4
spectrophotometer for steady-state emission.
Horiba Jobin Yvon TCSPC instrument for
fluorescence lifetime measurements.

3. Results and discussion

3.1 Photophysics of faecal pigments and their
aggregates: (This work has been published in
Journal of Physical Chemistry A )

In general organic molecules in the aqueous
medium tend to self-associate, resulting in the
development of dimers or higher aggregates due
to their poor solubility in the solvating media."
Fluorescence studies revealed that FPs too exist in
water in different stages of aggregation at different
concentrations. In nanomolar and sub-nanomolar
concentrations of FPs in aqueous media, higher
aggregates (500 nm), lower aggregates (518 nm),
and monomers (550 nm) were detected. Higher-
order aggregates (500 nm) and lower-order
aggregates (518 nm) appear to be present between
100 nM and 60 nM concentrations. Higher-order
aggregates tend to break up between 1 nM and
0.5 nM concentrations in a 50% water-ethanol
combination, creating a new emission band at
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a longer wavelength (550 nm) attributed to the
monomer species. Since absorbance spectroscopy
could not be used at nanomolar concentrations,
fluorescence excitation spectra was used to
determine the transition wavelengths. Four sets of
independent experiments, including the variation
of (i) FP concentration, (ii) temperature, (iii) pH,
and (iv) ethanol /water mixture as solvent media,
revealed the presence of monomer (540 nm),
dimer (516 nm), and higher-order aggregates
(500 nm) of FPs in aqueous solutions. In addition
to steady-state fluorescence investigations,
lifetime decay studies and excitation-emission
matrix fluorescence studies (EEMF spectra)
were carried out to better understand the
aggregation dynamics. In the formation of
H-aggregates of FPs in aqueous media, the
contributions of - stacking and hydrogen-
bonding interactions were found to be crucial.
The B3LYP functional and LANL2DZ basis sets
were used to optimize the H-aggregate dimer
geometry of FPs, with a solvent contribution
IEFPCM model. Additionally, the experimentally
observed results and theoretically predicted
absorption maximums are well correlated.”

3.2 Photophysics of faecal pigments and faecal
pigment-Zn(II) complexes in aqueous and
mixed-aqueous media (This work has been
published in Chemosphere *°)

In ethanol, FPs and their Zn(II) complexes
have identical absorption and emission maxima.
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When 20 mM zinc acetate was
added, the absorption maximum
remained unchanged after
complexation. The absorbance
maximum of SB and UB rises 2.5 to
3.5 times due to complex formation
as compared to uncomplexed
SB and UB. In ethanol, the
fluorescence emission maxima of
SB and UB emerges at 516 nm after
a 475 nm excitation. When FPs are
complexed, their emission intensity
increases, similar to absorption,
but the band maximum remains
unchanged. However, the intensity

of the band rises by 3-5 times when FP-Zn(II)
is complexed. The solubility of the FP-Zn(II)
complexes in the ethanol medium significantly
enhance the fluorescence intensity.

Both SB and UB have absorption maximum
at 488 nm in the aqueous medium. When zinc
acetate salt is added, the absorbance at 488 nm
decreases and a new band emerges at 505 nm.
The electronic spectral behaviour of FPs in the
aqueous media got changed due to the FP-Zn(II)
complexation. The complexation-induced rigidity
of the chromophoric units and the concomitant
decrease in nonradiative decay rate constants
(k) of the excited singlet states were attributed
to the enhancement of UB and SB fluorescence.
In water, the fluorescence intensity of SB-Zn(II)
and UB-Zn(II) complexes is 10 to 15 times lower
than in ethanol. The low fluorescence intensity
in water indicates the possibility of aggregation
of the complexes. Dynamic light scattering
(DLS) investigations were used to investigate the
ground state aggregation in water. The aggregates
of SB-Zn(II) and UB-Zn(II) complexes have
hydrodynamic diameters of 394 nm and 987 nm,
respectively. It confirms the presence of ground
state aggregates in the aqueous medjia. It happens
due to the complex’s insolubility in water, which
is correlated to emission lifetime and quantum
yield investigations.”” The average size of the
aggregates steadily grows with time, as seen from
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a time-dependent study of DLS. The progressive
rise in the average size of FP-Zn(II) complexes in
water reduced the complexes’ emission intensity
over time. This problem could be addressed by
using water-alcohol mixed solvents. The best
possible combination for FP-Zn(Il) enhanced
fluorescence in order to get high sensitivity
analytical medium is ethanol:water (70:30). With
the explicit and implicit solvent environment,
theoretical studies indicate a deformed tetrahedral
and pentacoordinate structure of FP-Zn(II)
complexes. The study of FP-Zn(II) complexes
in different physicochemical conditions, such
as temperature, pH, light irradiation, and water
hardness, yields a better knowledge of their
fluorescence response to FPs analysis.”

3.3 Complexation behaviour of faecal
pigments-Zn(II) and its various possible
stoichiometry (This work has been published
in Journal of Molecular Structure'®)

Given the relevance of this simple
complexation-based fluorimetric analysis of
FPs, it's surprising that a thorough investigation
of the structure of the FP-Zn(II) complexes, their
complexation stoichiometry, thermodynamics,
and aggregation-disaggregation dynamics has
not been studied yet. The ESI-MS spectra of
the FPs (UB and SB) were recorded as a control
experiment. Due to (M+H)*, a stable precursor ion
showed the mass spectrum of UB (C,.H,, N,O,) at

3377427 476
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m/z 591.2. In the case of SB, a stable precursor
ion was found at m/z 595.1 owing to (M+H)*
and another at m/z 617.3 due to (M+Na)*.
The elimination of four, three, and two methyl
ions anticipated the peaks at m/z 568.1, m/z
611.2, and m/z 624.2 for the 1:1 stoichiometric
combination of UB-Zn(II) complexes, according
to the mass fragmentation rule. '/ Similarly, the
m/z 716.1 mass fragment was formed due to
the 1:2 stoichiometry UB-Zn(Il) complexes. By
removing four, three, and two methyl ions, mass
fragments of m/z 572.1, m/z 614.2, and m/z
628.2 were expected to have 1:1 stoichiometry of
SB-Zn(Il) complexes. Zn(Il) complexation with SB
produced a mass fragment of m/z 720.1 due to
the 1:2 stoichiometry. Evidence of complexation
was further confirmed by the removal of the
NH stretching signal in FT-IR spectra. For
molecular orbital TD-DFT calculations on the
UB-Zn(Il) complex, a rigorous benchmarking
process suggested the use of the B3LYP hybrid
functional and LANL2DZ basis set as the
optimal combination. The B3LYP functional and
LANL2DZ basis sets were utilized for FP-Zn(II)
complexes of various zinc stochiometry geometry.
The Benesi-Hildebrand plots and the ESI-MS
analysis reveal a 1:1 predominant stoichiometry
for FP-Zn(II) complexes. The endothermic
enthalpy of FP-Zn(II) complexes involves the first
disaggregation of higher FPs, followed by metal-
ligand complexation. Furthermore, the correlation
between the experimental and theoretical results
of binding constant (K ), absorbance, enthalpy,

1@\

Stercobilin-Zinc(IT) (1:2)

{

Urobilin-Zinc(II) (1:1) Urobilin-Zinc(II) (1:27
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Fig 5: Graphical presentation of Complexation behaviour
of faecal pigments-Zn(ll) and its various possible
stoichiometry, thermodynamics and computational studies
(Ref: https//doi.org/10.1016/j.molstruc.2021.130440)
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and vibrational studies provide the
best molecular level insight towards
FP-Zn(II) complexation.

3.4 Proposed fluorescence-based
methods for highly sensitive
detection of faecal pigments

(Thiswork hasbeen published
in Analytical Methods"™)

Using a different approach,
the aggregation-induced
emission phenomenon of FPs
was utilized for the enhancement
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Fig 6: Graphical presentation of extraction based fluorometric method for faecal

of fluorescence, thereby increasing  pigments analysis (Ref : https://doi.org/10.1039/D14Y01539G)

the detection sensitivity. This was

done by using primary alcohols that are sparingly
soluble in water. By taking water-immiscible
aliphatic alcohols with increasing chain length,
it is possible to extract relatively water-insoluble
FPs to the alcohol layer. This can enhance the
fluorescence of FPs in the alcohol layer due to the
increase of the concentration of FPs in the layer.
The fluorescence enhancement is also increased
due to the increase in viscosity by increasing the
chain length of primary alcohol.

The insolubility of FPs facilitates lower-
order H-aggregation in the respective alcohol
medium. Hence the fluorescence emission
was observed for FPs in alcohol medium
attributed to lower-order H-aggregation.
When compared to the same concentration of
FPs in an aqueous medium, the fluorescence
intensity of FPs in 1-hexanol rises by 108-136
times. The steady-state emission at 518 nm
and absorption at 506 nm of FPs increase upon
increasing the viscosity of the alcohols. It is
well known that the fluorescence emission
intensity increases linearly with viscosity."?' As
expected, the emission spectrum of FPs at 518
nm of excitation 480 nm is regularly increased
with the increase of viscosity of the solvents
from methanol to 1-hexanol. The fluorescence
intensity again decreases for 1-heptanol and
1-octanol. The aliphatic chain (hydrophobic
group) increase in higher alcohol makes it

more hydrophobic (nonpolar in nature), which
facilitates the high extraction efficiency due to
the increase in solubility of FP-Zn(II) complexes.
As a result, 1-hexanol is an excellent solvent
for extracting FPs and FP-Zn(II) complexes.
Fluorescence emission of FP-Zn(II) complexes
after extraction by 1-hexanol has easily been
detected at concentrations down to picomolar
and sub picomolar concentrations. 1-hexanol
has significantly less extraction affinity towards
humic acid, which minimizes the interference
of DOM'’s background fluorescence with FPs.

4. Conclusions

In summary, we have investigated the
detailed photophysical studies of FPs and its zinc
complex in the aqueous medium. The present
study provides a deeper understanding of the
photophysics and aggregation behaviour of FPs
and FP-Zn(Il) complexes in the aqueous media.
This molecular-level understanding prompted
us to develop fluorescence-based analytical
methods for highly sensitive detection of FPs.
This work also further opens enough scope for a
fluorescence-based method (extraction as well as
non-extraction based) for FP analysis.
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Abstract

Development of novel fluorophores to analyse the mysteries of microscopic cellular world has

gained tremendous interest. Often, the organelles rapidly change and reorganize within the cellular

compartments in response to the physiological requirements and internal environment. There are

well-established fluorescent protein markers designed specifically to image such cellular changes

and organelles. However, visualization with small organic molecules brings in great versatility.

The incorporation of suitable substituents not only enables specific targeting of organelles but also

enables detection of biological analytes and physiological processes, if any. In this report we briefly

summarize the design strategies involved and some of our recent results in this research domain.

Introduction

The cell is the unit of life, and its various
compartments play a crucial role in significantly
influencing its overall activity. An eukaryotic cell
can be sub-sectioned in three parts; a. plasma
membrane, b. cytoplasm, c. nucleus (Figure
1). The plasma membrane, a semipermeable
membrane, is composed of lipid bilayer with
phospholipids, cholesterol, integral, peripheral
membrane proteins, and other small signalling
molecules.[1-3] The cytoplasm, on the other hand,
holds a broad class of various membrane-bound
(mitochondria, Golgi complex, endoplasmic
reticulum, lysosome and others) and unbound
organelles (centriole, ribosomes). Each organelle

Nucleus
Golgi
Complex

Endoplasmic

Plasma
Reticulum

Membrane \

Lysosome

Mitochondria
Centromeres

Figure 1 Typical compartments of a eukaryotic cell

possesses a unique role to regulate the overall
metabolic homeostasis of the cell and maintain
their dynamics and retain specific connections
with one another to keep the cell working, which
otherwise leads to detrimental physiological
consequences.[4]

Cell Imaging and Significance of Fluorescence
Labelling

To evaluate the intracellular dynamics
and the general cellular physiology, fluorescent
cellular probes have emerged in the past few
years, as can be understood by the recent research
reports for the period between 1980-2020 (Figure
2).

Several imaging modalities such as
radioactive trace elements based (PET imaging)
[5-7] and a large family of fluorescent markers
have been developed by scientists around the
globe to tag specific regions of interest in a cell.
The history of fluorescent molecules dated back
to 1845 with the discovery of naturally occurring
fluorescent small molecule quinine. Since then
the fluorescent tagging methods have become
a popular technique amongst biologists and
chemists to probe cellular processes with the
award of Nobel Prizes in 2008 for the discovery
of GFP and[8] development of super-resolution
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Research trends in
Cellular Imaging Probes
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Figure 2 Recent research trends in Cellular Imaging Probes
(a summary of the number of articles published in Pubmed
from 1980-2020)

fluorescence microscopy in 2014 [9, 10].

Classification of Fluorophores

The fluorescent tagging methodologies for
cellular imaging can be broadly classified as
a). intrinsic fluorophores (genetically modified
fluorescent proteins or naturally known
fluorophores) and b). extrinsic (use of non-

fluorescein

Hoechst 33342
0
"CE N ﬂ
S
w3
W\\

pyre" 4-Mu :
Ao
L %
qungﬂy @DQ "
/ > @

S, Cascade Yellow

)
I
2

bimane

tryptophan

- ©

o
tyrosine

HO.

EDANS
o o

HN
a a o o__,é

\N
e Lf\v“*vpvw
&7
b

HO'

Lucifer Yellow

Brightness (e x ¢, M~'cm-’

oH
NADH

%:Lyr“’ [ 2]
g

phenylalanine

Wavelength (A

Vol. 34, Issue Number 1&2

500

January, 2022

biological origin compounds) fluorophores.
The genetically modified fluorescent marker
for the tagging of organelles had limitations
such as limited colour chemistry, tedious
process of tagging, alteration of native protein’s
functionality, heterogeneous expression profile
depending on the cell types, and weaker
photostability.[11] The extrinsic fluorophores
like organic fluorescent molecules provided
extra leverage based on their flexibility to achieve
superior photostability and broader colour range.
Also, these fluorophores enabled the detection
and monitoring of biologically relevant analytes
in the cellular milieu[12] and contributed to
the development of a, extensive library of
fluorescent molecules. Figure-3 highlights the use
of some fluorescent probes emitting at different
wavelengths. The molecular architecture design
aims are based on improved photo stability,
enhanced brightness and different emission
spectral profiles. Representative fluorophores
such as as cyanine dyes, fluorescein, BODIPY,
styrylpyridinium dyes, naphthalene, coumarin,

BODIPY-FL
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Figure 3 Plot for brightness and wavelength of various ﬂuorophores (Adapted with permission from ref[13] Copyright

(2008) American Chemical Society
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fluorescent aminoacid derivatives are shown in
Figure 3[13]. These multivariant derivatives are
extensively used in several applications, notably
organelle imaging, nucleic acid binding studies,
protein receptor tagging, developing fluorescent
bio-conjugates, metal ion sensing, molecular
switches, analyte sensors, etc. Recent efforts
have been concentrated towards developing
newer fluorophores to far-red wavelength with
enhanced target specificity. The red-emitting
fluorophores have a significant impact on cellular
imaging because of their deep tissue penetration
and avoid cellular autofluorescence[14-16].
In addition, lower phototoxicity to the cells
because of the longer wavelength makes these
probes amenable for longer-duration live cell
imaging[17].

Cell Organelle Imaging

Cellular organelles are specialized lipid
membrane-bound compartments that play
specific functions to maintain cellular homeostasis.

Vol. 34, Issue Number 1&2
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To visualize these specialized compartments,
extrinsic fluorophores have been used extensively
during the last decade[18]. Organic fluorophores,
amongst this wide variety, were proven to be an
important chemical biology tools for the imaging
organelles. The synthetic feasibility and tunability
of spectral properties make them one of the most
desirable groups of fluorescent organelle probes.
The fluorescent probes are mainly conjugated
with various organelle recognition moieties to
target the regions under the crowded cellular
environment. In the following sections, we briefly
describe the designing strategy, the available
probes, and the applications of the fluorescent
organelle probes for different compartments
of cells with particular attention to the plasma
membrane and mitochondrial probes.

Cellular Membrane Probes

The mammalian cell membrane is primarily
composed of phospholipid bilayers, several
lipids, proteins, and other small signalling

Plasma Membrane

Endoplasmic Reticulum

Nucleus

Golgi
Complex

Mitochondria

Fiqure 4 Summary of Fluorescent Organelle markers
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Figure 5 Some known Plasma membrane probes. In general, many of these probes have lipid or alkyl chains for efficient

labelling.

molecules. Plasma membrane, apart from acting
as a functional cell barrier, also plays a significant
role in other cellular processes such as uptake
of foreign materials, neuronal communication,
muscle contraction, and cell trafficking[19]. The
popular extrinsic cell membrane probes are
majorly designed to target the cell membrane
lipids (fatty acid and cholesterol analogues) and
constitute three major approaches (Figure 5);

a. fluorescent phospholipid analogues,
b. fluorescent steroid (cholesterol) analogues

c. fluorescent probes with longer alkyl chains

A wide variety of fluorescent substrates that
were used are BODIPY,[20] nitrobenzoxadiazole
(NBD),[21, 22] pyrene, [23] carbocyanine probes,
styrylpyridines,[24] dansyl,[25] cyanines[26].
Apart from investigating the general physiology
of the cell, these probes are also used to study the
membrane fusion, lipid-diffusion, lipid-protein

interaction in microbial infection, characterization
of lipid domains, long-term cell imaging,
cellular uptake studies in cancer cells.[19, 27]
In addition to the simples fluorescent labelling
of the plasma membrane, the multi-faceted
chemical dynamics of the plasma membrane also
inspired the researchers to design newer probes
for monitoring specific cellular processes. The
class of fluorophores not only accumulate in the
membrane for staining but also are responsive
to precise monitoring of the specific biomolecule
and their dynamics. The readout is recorded
through fluorescence turn-on/off state changes
or by ratiometric changes in channel intensity
while imaging.

Mitochondrial Probes

Mitochondrion, the membrane bound
organelle is the hotspot of oxidative
phosphorylation and is responsible for ATP




ISRAPS Bulletin

Vol. 34, Issue Number 1&2

January, 2022

Figure 6 Mitochondrial morphology (Microscopic image and general physiology)

generation in cells. Apart from generating
ATP, mitochondrion also plays a pivotal role
in maintaining cellular ROS levels, controlling
apoptosis, steroid biogenesis, intracellular
Ca? balance, and many more. Therefore,
visualizing mitochondria help us to monitor
cellular abnormality and other physiological
consequences. Traditionally the cationic organic
fluorophores have been used for targeting
mitochondria. The scientists exploited the
main features of the phospholipid bilayer
membrane electronegative potential of the
mitochondrial inner membrane to achieve
mitochondrial localization. The lipophilic
nature of the molecular architecture gives the
flexibility to target the phospholipid membrane
layer of the mitochondrial outer membrane.
The mitochondrial outer membrane mimics
the plasma membrane in its phospholipid vs.
protein ratio (1:1) and is rich in integral proteins.
In contrast, the phospholipid to protein ratio is
only 1:3 on the inner membrane[28]. Hence a
cationic lipophilic molecule transit through the
outer membrane based on the lipophilicity and
gets entry to the mitochondrial matrix after it

passes through the negative potential of the inner
membrane.

The initial surge in investigating the
mitochondrial membrane potential also keeps
the proton motive force active to synthesize
ATP involves some of the cationic dyes. Almost
a century ago, the Lewis et al.’s demonstrated
the specificity of cationic Janus green dye for
mitochondrial imaging.[29] A few other vital
probes like fuschin, crystal violet were used
by histologists to stain mitochondria, followed
by the development of Rhodamine 123 almost
60 years later..[30] Subsequently, a plethora
of fluorescent molecules were reported in the
last decade to image mitochondria. The basic
architectures like pyridinium cation,[31, 32]
triphenyl phosphonium moieties[33] were
designed for achieving mitochondria-specific
imaging.

Delocalized lipophilic cations (DLC)
have been extensively utilized in targeting
the mitochondria. In particular, triphenyl
phosphonium (TPP) moiety handle covalently
linked with organic fluorophores and drugs is
well known to localize in mitochondria.[34, 35]
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TPP conjugated molecules were also used to
deliver antioxidants, nanoparticles, liposomes,
and pharmacophores to the mitochondria of
cells[36]. Together with the lipophilicity and
cationic nature, the TPP conjugated molecules
selectively target the mitochondria. The presence
of the cationic charge on the molecular structure
helps the delocalization of this charge through
resonance stabilization, and since the charge is
spread over a sizeable molecular area, it helps
to form a greater ionic radius. Furthermore,
with the help of the Nernst equation, we can
predict the transport efficiency of delocalized
lipophilic cationic molecular structures across
the membranes of net electronegative potential.
They tend to get accumulated within the cell
cytoplasm because of electronegative potential
of -60 mV plasma membrane. But after crossing
the plasma membrane’s barrier, in order to target
cellular organelles, they accumulate more to the
mitochondrial matrix due to the mitochondrial
membrane potentials (~-180 mV) by ~1000
fold more binding efficiency than the other
regions[37]. Despite their wide usage, the DLC
conjugated molecules also showed a high toxicity
level at the higher concentrations[38]. Their

functionality of binding to the mitochondrial
membrane and, altering ATP synthesizing
activity or destabilization of the membrane
potential made the research community look for
new class of probes[30].

Cationic Pyridinium derivatives were
also investigated for mitochondria specific
imaging, and it possesses several advantages
over traditional TPPs use as DLC. In a D-n-A
system of the fluorophore, the presence of
pyridinium enables robust optical properties
with tunable emission ranges depending on the
strength of the electron-donating groups. The
emission in the red region is always desirable
from an imaging perspective because of lower
autofluorescence, lower cytotoxicity, and deep
tissue penetration[38]. Apart from its role as an
auxochrome, pyridinium probes also have an
affinity for the electronegative potential of the
mitochondrial inner membrane[39, 40].

Other Cell Compartmental Probes

Apart from the plasma membrane and
mitochondria, other important cell organelles
contribute significantly to the overall cellular
function and morphology. The membrane-bound
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Figure 8 Structures of a few Organelle Probes

organelles such as lysosome, Golgi apparatus,
endoplasmic reticulum, lipid droplets, and
nucleus are majorly targeted by the organic
fluorophores. A summary of chemical moieties
responsible for directing a molecule’s localization
in a specific organelle has been described (Figure
4).

Lysosome specific probes

The lysosome is the main digestive
compartment of the cell. It contains several
hydrolysing enzymes, and the optimum pH
inside the lysosome is under 6 because of
the high proton concentration.[41, 42] Hence
lysosomal imaging and sensing analytes inside
this organelle gained research attraction in the
last few years. One of the main approaches to
target lysosome specifically by attaching chemical
moieties a. that have slightly basic pKa values
(such as morpholine, piperazine, etc.) and these

undergo protonation under the acidic vesicle as
lysosome (Figure 4)[43]. This method of attaching
weak bases to an already existing lipophilic unit
helps the moieties to be specifically trapped in
lysosomes and this phenomenon is typically
known as ‘lysosomotropic” effect. Therefore, the
protonated probes get fixed inside the membrane-
bound organelle and cannot escape the organelle.
A series of lysosomal probes emitting at different
emission spectral ranges have been reported
by conjugating these probes with a weak basic
moiety (Figure 8). Several biological analytes such
as Zn*',[44] thiols[45] and H,O, [46] have also
been measured by using these probes. However,
a few lysosomal probes show ‘alkanizing effect’,
limiting their use for prolonged incubation
live-cell imaging[38]. Therefore, an upsurge in
the development of lysosomal probes that can
label lysosomes without the pH dependence is
grabbing the community’s attention.
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ER & Golgi specific probes

The endoplasmic reticulum and Golgi
apparatus are primarily involved in the sorting of
lipid and proteins. Hence, attaching a longer fatty
acid chain of various kinds (e.g., sphingolipids)
helps the probe better localize at those sites[47-49].
Reports suggests use of pentafluorophenyl
pendant and chloride ions direct the probes for
targeting the ER.[50] Some of the widely used ER
and Golgi markers are shown in Figure 8.

Nuclear probes

The nucleus, the storage compartment
of genetic materials, plays a significant role in
controlling gene expression and maintaining
cellular integrity. The primary content of DNA
(deoxyribonucleic acid), RNA (ribonucleic acid),
and histone proteins are targeted for developing
nuclear dyes. Some of the famous DNA binding
dyes are DAPI and Hoechst.[51, 52] While these
are being used significantly in the commercial
market, but they suffer from the requirement of
excitation in the UV region. [38] Hence there is a
steep increase in the emergence of new nucleus
targeting DNA binders of red emitting probes.
One of the popular RNA binders is SYTO-RNA
select[53] which is also commercially available
for nuclear staining of red emitting group but
suffers from photostability issues.

Summarized results from our recent research

Considering the overall importance
of the work, we have recentlyexplored the
designs to visualize the cellular organelles and
to analyze the mysteries of the microscopic
cellular world. Often, the organelles rapidly
change and reorganize within the cellular
compartments in response to the physiological
requirements and internal environment.
There is well-established fluorescent protein
markers explicitly designed for this purpose.
However, visualization with small organic
molecules brings in great versatility. The
incorporation of suitable substituents enables
the specific targeting of organelles and the
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detection of biological analytes. In our research
study, we opted to tailor the traditional D--A
stilbene scaffold or use established markers
to visualize sub-cellular organelles such as
the mitochondria, lipid droplets, nucleolus,
and the plasma membrane. We attempted to
study tracking of the live-cell mitochondrial
dynamics, mapping mitochondrial viscosity,
development of stress-responsive probes for
mitochondrial imaging, and imaging of lipid
droplets. Summarized results from our recent
works are shown below.

Imaging mitochondria and Plasma
membrane in live cells using Solvatochromic
styrylpyridines

We used two designs to achieve the desired
target of sub-cellular localization. i). Small
organic fluorophores bearing donor and acceptor
groups exhibiting solvatochromic behaviour and
their bioconjugates and ii). Conjugating known
organic fluorophores with biologically relevant
substrates. In the first approach, we designed
and synthesized three styrene derivatives
(1-3) and a cholesterol conjugate (4) [Fig-9].
Styrene has neutral pyridine, styrenes 2 and 3
have pyridinium moiety and styrene 4 has a
cholesterol tether. The fluorophores bearing a
donor (dimethylamino group) and an acceptor
(pyridine or pyridinium) show moderate to
strong solvatochromic emission attributed to
intramolecular charge transfer. Examination
of these compounds in cellular domain reveals
interesting results[54]. Styrene-1 is non-specific
while styrenes 2 and 3 show strong mitochondrial
localization. However, the lipid conjugated
styrene 4 labels plasma membrane effectively
and show minimum cytotoxicity in Live neuronal
(N2a) and non-neuronal (HeLa) mammalian cell
lines. Furthermore, we could successful track
mitochondrial dynamics using Styrene -3. This
strategy of using a D-n-A scaffold and relevant
substitutions could be ideal in generating a
variety of fluorophores targeting other subcellular
compartments or study cellular processes such as
viscosity or determine various analytes.
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Fig 9: Structures of molecules synthesized for sub-cellular imaging in our research group.

Live-cell imaging of the nucleolus and
mapping mitochondrial viscosity with a dual
function fluorescent probe

Using Styrene scaffolds (1-4) we were
successful in imaging the sub-cellular
organelles. Our next goal was to deep
prober to image the mitochondria as well
study the mitochondria viscosity. For
this, we designed styrene-5 bearing a
julolidine scaffold[55]. Styrene 5 is also
characterized by a pyridinium group and a
cyanovinyl spacer. The design is based on
the 9-(2,2-Dicyanovinyl)julolidine (DCV]) an
excellent viscosity sensitive dye. One of the
cyano groups in DCV] dye was replaced by
a prydinium moiety. The presence of strong

donor and acceptor yields a solvatochromic
behaviour with emission at 600 nm in the
red region. The fluorescence microscopy
studies with the styrene (5) reveal not only
the imaging of mitochondria but also of the
nucleolus. We further demonstrated tracking
of mitochondpria along with measurement of
the mitochondrial viscosity in live cells.

Stress Responsive Rhodamine-Bioconjugates
for Membrane Potential Independent
Mitochondrial Imaging and Tracking.

With the success of sub-cellular
localization and probing of physiological
parameters such as viscosity, we ventured
further to use known chromophores and
tag it to biomolecules for visualization of
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Fiqure 10 Labeling of subcellular compartments with styrenes in HeLa cells. Styrenes (1-4, extreme left panel; 1 uM of
each styrene) were incubated with HeLa cells expressing fluorescent protein (FP)-tagged organelle-specific markers (second
panel from left) and overlaid (third panel from left). Representative images of cells incubated with (A-C) Styrene 1 (E-G)
Styrene 2 (I-K) Styrene 3, and (M-O) Styrene 4. (D, H, L and P) represent the intensity profile of line drawn in the ROI
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cells; white asterisks indicate nuclei. (scale bars, 10 pm)

sub-cellular organelles. We synthesised
compounds 6 and 7 where in rhodamine
B was modified with biomolecules such as
cholesterol and cortisol. Both the probes
showed excellent localization in the
mitochondria with high brightness and
enhanced SNR (signal-to-noise ratio) to

the commercial MitoTracker Green probe.
Importantly, the cortisol analogue was
also utilized to study the stress response
inside mitochondria[56]. We are currently
looking at other similar sterol markers for
understanding the cellular response and
function.
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Figure 11 Colocalization of the probe (Mito-Nucleo-V'S) with exogenous (Mitotracker Green™) and endogenous (Mito-
BFP plasmid). Scale factor: 10 um. Hoechst is used to mark the nucleus of the cell.
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Figure 12 Colocalization of RC1 and RC2 with MitoTracker Green™ (MTG): (A) and (F) MTG, (B) RC1, and (G) RC2;
(C) and (H) the corresponding overlaid channels; (D) and (1) the cytofluorograms of the respective colocalized images of
the two different channels; and (E) and (]) the line profiles of the white lines drawn in the overlaid channels to describe the
overlapping signal intensities of both the channels. RC1 & RC2 were excited by a 561 nm laser, emission channel: 570-630
nm; MitoTracker Green™ was excited by a 488 nm laser, emission channel: 500-550 nm. The signals were collected in
a HyD detector in sequential imaging mode. Imaging was performed at 37 °C with 5% CO?2 using a live cell apparatus
module. The probe concentration used was 200 nM. Scale bar: 10 um
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Conclusions and Future Outlook

Although we were able to answer the
initial questions of imaging, a lot of scope lies in
translating our research from “bench to bed side’.

A. Developing multi-photon excitable
probes for deeper tissue penetration and mitigate
the photo-toxicity problem in live samples

B. Testing of the probes with tissue specific
sampling and real time distribution of probes in
animal system by monitoring the animal in whole
body imaging system.

C. Tweaking the side arm modifications of
the probes to make the systems more sensitive
in evaluating disease models both at cellular and
tissue level

D. Analyse and investigate detailed cellular
pathways by developing some of the organelle
probes to protein specific targeting.

The research is currently ongoing in our
laboratory
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Abstract

Nanomaterials and enzyme based catalytic systems which offer superior performance, robustness,
reusability and extended shelf lives are of vital importance for a range of environmental,
industrial and healthcare applications. Radiation technology comes in handy as a versatile and
low carbon footprint tool for designing such catalytic systems. Herein, we discuss the role of high
energy ionizing radiation (gamma rays, electron beams, plasma) in synthesizing noble metal
nanoparticles (Au, Ag, Pd) based catalytic systems and surface functionalized polymeric templates
for immobilizing biologically and commercially relevant enzymes such as Uricase, Horseradish
Peroxidase, Laccase, etc. The article compiles some of our recent work in designing multiple
nanomaterials and immobilized enzyme based catalytic systems and their demonstrated efficiency
in initiating crucial reactions involved in pollutant degradation, organic precursor production,
reduction of toxic metal ion, etc., with a special emphasis on environmental remediation and
societal applications

Keywords: Nanoparticles, Inmobilized enzymes, Catalysts, Radiation grafting, environmental application
1. Introduction surface morphology, shape, size, etc.; all of which
can be easily taken care of by adopting a bottom-
up radiolytic synthesis approach. Additionally,
radiation functionalized polymeric surfaces can
also be used as templates to immobilize these
nanoparticles and develop robust, reusable
catalytic systems with longer shelf-life that
can be easily separated from the final product
post completion of the reactions. Similarly, the
surface functionalized polymeric templates
have been employed to immobilize enzymes,
another class of highly efficient, but expensive
biocatalysts. Immobilization of enzymes to
these polymeric templates ensures reusability,
improved temperature stability, broader pH
operability and extended shelf life [4]. This
article strives to recapitulate some of our recent
advances made in the design and fabrication of
radiation facilitated multiple nanomaterials
and immobilized enzyme based catalytic

Radiation technologies based on ionizing
radiation (gamma rays, electron beams, plasma)
offer a versatile tool for applications such as
nanomaterials synthesis, polymer modification
and materials processing. Applications of these
materials are manifold and cover a wide range
of fields, in industry, healthcare, environment,
catalysis, sensors, agriculture etc. The added
advantage of employing radiation technology
over conventional material processing methods
is that it is a low carbon footprint, environment
friendly, high throughput and most often than
not, a solvent free process that does not necessitate
the use of harsh reaction conditions [1,2].

Metal nanoparticles, such as those of Au,
Ag, Pd, Cu, etc., are well known for their catalytic
prowess and are capable of initiating a gamut of
important reactions [3]. However, their efficacy

depends on different parameters such as the
extent of purity, stability in solution phase,

systems for environmental and healthcare
applications.
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2. Radiation processing of materials

2.1. Radiolytic synthesis of metal
nanoparticles

Radiolytic synthesis of metal nanoparticles
is one of the important applications of ionizing
radiation (Gamma, EB), which does not require
any external chemical reducing agents. When
an aqueous precursor noble metal ion solution,
such as those of Au(Ill), Ag(I), Pd(Il), etc., is
irradiated under N, atmosphere in presence
of a suitable stabilizing/capping agent (e.g.,
Polyvinyl pyrollidone, polyvinylalcohol, etc.) and
Isopropyl alcohol, radiolysis of water takes place.
Consequently, reactive radiolytic species, viz. e,
H, OH are generated (Eq.1). H and OH' react
with Isopropyl alcohol present in the reaction
medium to produce Isopropyl radical ((CH,),C-
OH) (Eq. 2), which is reducing in nature. These
reducing species (e, ~ and (CH,),C-OH) are
responsible for reduction of the metal ion to metal
in zero valent state (Eq. 3).

lonizing radiation (y, EB)
H)0 —~~~—> e + H +OH o
OH/H+(CH3),CHOH ——» (CH3)C-OH + H,O/H: (2)
M™ + (CH3;),C-OH ———> M +(CH;),C=0 + H" (3)

The metal atoms (M) formed undergo
further coalescence leading to formation of
metal nanoparticles in presence of a capping/
stabilizing agent. Polymers such as Poly(n-
vinyl-2-pyrrolidone) (PVP) containing functional
groups like >C=0 and >N-, help in anchoring
metal nanoparticles on their surface as well as
stabilize the nanoparticles [5]. Figure 1 illustrates
the overall process of formation of stable
nanoclusters.

2.2. Radiation processing of polymers

Depending on the applications, four
different radiation processes are employed for
processing of polymers: i) Radiation grafting
ii) Radiation crosslinking, iii) Radiation curing
and iv) Radiation degradation. Radiation
crosslinking and radiation degradation lead to
bulk modification of polymers, whereas radiation

Vol. 34, Issue Number 1&2

January, 2022

Reduction

Collision of
metal atoms

O

Nucleation
Stable nucleus @

Growth l O

Stable nanocluster

Figqure 1: Schematic of overall process for formation of stable
nanoclusters.

grafting and radiation curing processes are used
for surface modification of polymers. These four
processes have found widespread application
in a range of fields, from industry, environment,
healthcare to agriculture. In this review, we will
restrict to some of the important applications of
radiation grafting process in the field of catalyst
design.

2.2.1. Radiation grafting process

Radjiation grafting is a polymer modification
process, wherein polymer chains of desired
monomers are grown and covalently bonded
onto an existing polymer backbone using
ionizing radiation as a source of initiation. The
advantages of this method over conventional
surface functionalization techniques include
room temperature processing conditions, better
control over reaction parameters and free of
toxic chemical initiators [6]. Figure 2 presents the
schematic of a radiation grafting process. There
are two different approaches generally adopted
for radiation grafting

(i) Simultaneous irradiation grafting: In this
method, the polymer substrate and monomer
solution are simultaneously irradiated with
ionizing radiation. The radicals generated
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on the polymer backbone lead to graft
copolymerization reaction, whereas, the
radicals generated in the bulk monomer
solution predominantly undergo homo-
polymerization reaction.

Post-irradiation grafting: Here, the polymer
backbone is first exposed to ionizing
radiation to generate free radicals on it,
and subsequently, brought in contact with
the monomer solution to initiate the graft
copolymerization reaction. The advantage
of this method is the lower probability of
homopolymer formation.

Radiation grafting is characterized by
the extent of grafting, which is ascertained by
grafting yield (G.Y.) measurement, determined
gravimetrically using relation (1)

G.Y (%) = [(Weight after grafting - Initial
weight)/Initial weight] x100 (1)

3. Radiation assisted synthesis of sensors and
catalytic systems

With an aim to develop a range of sensors
and catalytic systems, our group had initiated
work on design, synthesis and development of
metal nanoparticles and enzyme-based systems
for environmental and healthcare applications.

3.1. Radiolytically synthesized metal
nanoparticles: Sensor applications

3.1.1. Au based optical LSPR sensors

Radiolytically synthesized noble metal
nanoparticles, such as those of Au and Ag, are

Functional
groups

Monomer solution

lonizing radiation

G E-b
Polymer backbone (Gamma/E-beam)

Figure 2: Schematic of radiation grafting process.
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unique in their ability to exhibit Localized Surface
Plasmon Resonance (LSPR) bands. These bands
are highly sensitive to the local environment
and, therefore, serve as an ideal indicator for the
presence of any external analytes in the vicinity
[7-10]. Based on this concept, Poly(n-vinyl-2-
pyrrolidone) stabilized Au nanoparticles (PVP-
Au-NPs)-based sensors have been developed
via gamma radiation assisted synthesis route
for detection of Hg** ions and H,O, in aqueous
media.

The interaction of gamma radiolytically
synthesized PVP-Au-NPs with Hg* ions have
been observed to result in a decrease in intensity
of Au LSPR band, with the relationship linear
within a Hg* concentration range of 0-100nM [7].
TEM analysis also revealed that the interaction of
PVP-Au-NPs with Hg** ions result in an overall
increase in the average hydrodynamic size of
the particles. For instance, 100nM Hg** induces
a rapid change in the morphology of the PVP-
Au-NPs from spherical to larger and irregular
sized particles with broader size distribution
compared to the control PVP-Au-NPs, which
was also reflected as a change in its LSPR band
characteristics (Figure 3). UV-Vis spectroscopy
analysis revealed that in absence of Hg*" ions,
PVP-Au-NPs solution yielded a single, narrow
peak at ~527nm, indicative of uniform sized
spherical nanoparticles. On the other hand,
addition of Hg?" ions resulted in a decrease in
the LSPR band intensity of the peak at 527nm.
Moreover, for Hg** ion concentrations of 60nM
and beyond, a prominent second broad peak
appeared at ~740nm, suggesting agglomeration
of Au-NPs, also validated by the
appearance of larger particles
in the TEM analysis (figure
3). This LSPR based PVP-Au-
NPs optical sensor system was
found to be selective for Hg*
and independent of interference
from other metal ions such as
Ca?*, Cu*, Cd* and Fe** up to
a concentration of 500nM [7].
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Figure 3: TEM images of PVP-Au NPs before and after interaction with Hg** ions,
and the corresponding change in LSPR bands of PVP-Au NPs (Inset: Linear response
in relative LSPR band intensity with Hg*" ions concentration)

On the contrary, interaction of the product
generated from H,O, initiated oxidation of 0o-PDA
results in an enhancement in the LSPR peak PVP-
Au-NPs at 527 nm. The response was found to be
linear in the H,0O, concentration range of 2.5x10
mol.dm? to 2.0x10* mol.dm? and 1.0x107 mol.
dm? to 3.0x10° mol.dm? in two separate sets of
experimental parameters, with a detection limit
1.0x107 mol.dm? [8].

3.1.2. Ag based LSPR sensors

On similar lines, we have exploited the LSPR
properties of gamma radiolytically synthesized Ag
nanoparticles. Poly(methacrylic acid) stabilized
Ag nanoparticles (PMA-Ag-NPs) synthesized
by gamma radiation were investigated for the
spectrophotometric estimation of dopamine [9].
Dopamine belongs to a class of catecholamine
neurotransmitters whose estimation is important
owing to their involvement in diseases such as
Parkinson’s and schizophrenia. The PMA-Ag-
NPs system showed the response of spectral
change towards Dopamine concentration to be
linear in the concentration range 5.0x10” mol.dm
3-1.6x10° mol.dm™ in aqueous solution. Another
point of note is that that ascorbic acid, which

Hyperuricemia whose
symptoms include gout,
obesity, diabetes, high
cholesterol, high blood pressure, leukemia, renal
impairment and cardiovascular complications.
Gamma radiolytically synthesized PVP stabilized
Ag nanoparticles (PVP-Ag-NPs) have been
employed for the detection of uric acid in
biological samples [10]. The working principle
is based on the oxidation of silver nanoparticles
by hydrogen peroxide, which is generated in-
situ during enzymatic degradation of uric acid
in presence of enzyme uricase. This leads to
the linear decrease in the LSPR band intensity
of PVP-Ag-NPs at 410 nm with increase in the
concentration of uric acid (figure 4). The linear
range of detection of uric acid by this method was
found to be 0 to 5.0x10° mol.dm™ with minimum
detection limit of 5.0x10°mol.dm?. An interesting
observation in the estimation process was that
the sensing capability of the system was strongly
dependent on the molecular weight of PVP being
used as the capping agent. Low molecular weight
PVP (40kDa) with shorter chains was found to
render the Ag LSPR band more sensitive towards
peroxide induced oxidation compared to higher
molecular weight (160kDa and 360kDa) PVP
capping agents. This is another example of how
radiation mediated nano-synthesis processes
allow us to finetune the stability and LSPR
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Figure 4: Working principle of PVP-Ag-NPs based Uric acid sensor, and LSPR band intensity as a function of Uric Acid
concentration in presence of enzyme Uricase (Inset: Linear response in relative LSPR band intensity with Uric Acid

concentration)

characteristics as per the target application.

3.2. Radiolytically synthesized metal
nanoparticles: catalytic applications

3.2.1. Au nanoparticles (solution phase) based
catalytic system

Au nanoparticles are also well known for
their reducing properties. Chemically tailored
Au nanoparticles had been previously tested
for the catalytic reduction of p-nitrophenol to
p-aminophenol (PAP). This reaction has high
industrial relevance since PAP is a building block
compound and ts an important intermediate,
produced in the syntheses of various chemicals,
including dyes, pharmaceuticals (e.g.,
paracetamol), and anticorrosive lubricants.
Working on this principle, we have radiolytically
synthesized a poly (2,3-Epoxypropylmethacrylate)
stabilize Au nanoparticles (PEPMA-Au-NPs)
system and demonstrated its catalytic efficiency
towards reduction of p-nitrophenol (PNP) to
p-aminophenol (PAP) in presence of NaBH,
[11]. The Turnover Frequency (TOF) for 10 pM
catalyst concentration was determined to be
10.8 h', which is comparable to the catalytic
efficiency, reported earlier in the literature, for
similar Au based catalytic systems. Moreover,
the developed system was observed to be stable
even after six months when stored at 4°C, which

further enhances its practical utility.

3.2.2. Pd nanoparticles immobilized catalytic
reactor (Pd-NICaR) system

The primary drawbacks of using
nanoparticles-based catalysts in the solution
phase are, reusability, shelf life and the issue of
separation from the final product. To mitigate
this problem, immobilization of nanoparticles
onto a suitable substrate has been adopted as
a viable solution, where surface functionalized
polymeric matrices, containing anchoring groups
such as epoxy, carboxylate, etc., are specifically
tailored via radiation grafting/plasma-based
processes to anchor radiolytically generated
metal nanoparticles. Using this approach, we
have developed a facile, reusable and robust Pd
nanoparticles immobilized catalytic reactor (Pd-
NICaR) system to initiate the catalytic reduction
of Cr(VI), a highly toxic and widely prevalent
water pollutant, to its less toxic Cr(III) form
[2]. A room temperature, RF powered plasma
grafting process was employed to functionalize a
Polyethylene-Polypropylene (PE-PP) non-woven
matrix with epoxy group containing monomer
EPMA. The EPMA functionalized PE-PP (EPMA-
f-PE-PP) substrate was subsequently used as
a support matrix for in situ generation and
immobilization of Pd NPs via gamma radiolytic
route. The fabrication of Pd-NICaR system and




ISRAPS Bulletin

Vol. 34, Issue Number 1&2

January, 2022

EPMA-f-PE-PP

PE-PP matrix

S

3HCOOH

3C0,+3H,
H,/@ ‘61,

.Hz ‘l V..\

Pd-NPs —catalysed reduction of Cr(VI)

Pd-NPs —immobilized-EPMA-f-PE-PP
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system showing excellent
reusability (~20 cycles)
and storage stability (>30
days) without substantial
loss of catalytic activity.
Practical applicability of
the robust catalytic system
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Figure 5: Schematic of fabrication of Pd-NICaR system and catalytic reduction of
Cr(VI). SEM micrographs of control polymer PE-PP, EPMA-f-PE-PP and Pd NPs

immobilized EPMA-f-PE-PP

catalytic reduction of Cr(VI) is presented in
figure 5. Changes were also evident in the surface
morphology of the sample at various stages of the
functionalization process. Untreated non-woven
PE-PP sample exhibited a highly porous and
net like fibrous morphology. Transition in the
surface morphology of the untreated PE-PP fibers
from a smooth to increasingly rough form, with
distinctly visible conformal layers of poly(EPMA)
on the PE-PP fibers, was observed subsequent
to functionalization. The width of the fiber also
increased marginally post functionalization.
Immobilization of Pd NPs led to further increase
in surface roughness of the EPMA-f-PE-PP fibers
(figure 5).
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Figure 6: Schematic of remediation of Cr(VI) using Pd-
NICaR packed fixed bed column reactor in continuous
flow mode.

towards Cr(VI) toxicity
mitigation was established in
continuous flow mode using
a fixed-bed column reactor
(figure 6).

3.2.3. Cu nanoparticles immobilized catalytic
reactor (Cu-NICaR) system

Similarly, Copper Nanoparticles
immobilized Catalytic Reactor (Cu-NICaR)
system has been fabricated by immobilizing
Copper Nanoparticles (Cu NPs) onto a radiation
grafted EPMA-g-PE-PP non-woven matrix. The
system was observed to exhibit excellent catalytic
activity towards reduction of p-nitrophenol (PNP)
to p-aminophenol (PAP) in presence of NaBH,.
Compared to solution phase catalytic systems
used for PNP reduction, Cu-NICaR system
afforded reusability, easy product separation
and good shelf life owing to the catalyst being
immobilized to a polymer matrix. The catalytic
activity was demonstrated in batch process (12
cycles over 30 days) as well as in fixed bed column
reactor modes, wherein a 1g packed bed reactor
operated at 800 ml.h* could completely reduce
more than 5000 ml of 1.0 mM PNP without
appearance of any breakthrough point [12].

3.3. Radiation grafted polymer templates for
enzyme immobilization: reusable bio-catalysts

Enzymes are bio-catalysts bearing some
remarkable properties (high activity, selectivity
and specificity) that facilitate their performing
the most complex chemical processes under the
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most benign experimental and environmental
conditions. The use of soluble free enzymes is
however limited due to issues pertaining to their
cost, reusability, stability, sensitivity to various
denaturants and applications in continuous
reactors. To overcome these limitations, the use of
immobilized enzymes has now taken precedence
over free enzymes. Immobilization not only
affords enhanced stability, activity, specificity,
selectivity, reduced inhibition, but also enhances
the thermal stability of the enzyme, broadens the
pH range of enzyme activity and enables recovery
of product with greater purity. At the same
time, separation and reusability of the enzyme
becomes feasible, which is extremely essential
when using expensive or scarcely produced
enzymes. In a nutshell, immobilization generates
continuous economic operations, automation and
high investment/capacity ratio [13]. Recently,
we have developed a number of radiation
functionalized polymer based immobilized
enzyme systems and investigated their utility
in facilitating environmentally and industrially
relevant reactions.

3.3.1. Uricase immobilization: Uric acid
biosensor

We have designed a functional polymer
support for covalent immobilization of enzyme
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uricase, which was further utilized in a single
enzyme-silver nanoparticle based optical
biosensor system for estimation of uric acid
[1]. A carboxylic acid functionalized polymer
support was fabricated via gamma radiation
grafting of polyacrylic acid (PAA) on to non-
woven polypropylene (PP) matrix. Uricase was
immobilized on to the PAA-g-PP support via
covalent amide linkage using coupling agents,
namely N-hydroxysuccinimide (NHS) and 1-ethyl-
3-(3-(dimethylamino)propyl)carbodiimide (EDC)
(figure 7). The catalytic activity of uricase was
investigated spectrophotometrically using uric
acid as a substrate. The uricase-immobilized-
PAA-g-PP samples could be repeatedly used
for ~20 cycles over a period of 30 days. The
uricase immobilized samples were successfully
used in conjunction with the radiolytically
synthesized Ag-NPs as a LSPR-optical biosensor
for estimation of uric acid [1,10].

3.3.2. Horseradish peroxidase (HRP)
immobilization: Dye degradation

Peroxidase is a class of enzyme widely
distributed in microbes, plants and animals.
It is an oxidoreductase enzyme, which, in the
presence of hydrogen peroxide, oxidizes a
wide range of phenolic compounds, such as
guaiacol, catechol, pyrogallol, etc. This class
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3 B B 8 8 &
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Figure 7: PAA grafting and immobilization of uricase (enzyme) on to PAA-g-PP using EDC and NHS coupling agents.
(Inset: Uric acid estimation by Ag-NP based optical sensor using immobilized uricase enzyme)




ISRAPS Bulletin

of enzymes, therefore, has potential industrial
and environmental relevance, particularly in
fields such as dye decolorization, wastewater
treatment, removal of peroxides from foodstuff,
etc. With a view to design an immobilized HRP
based dye decolorization catalytic system, epoxy
functionalized Polypropylene (PP) films were
fabricated via mutual irradiation grafting of
EPMA using ®“Co-gamma radiation source [6].
Enzyme HRP was covalently immobilized using
a single step-room temperature coupling reaction
of amine group of enzyme with the epoxy group
of grafted poly(EPMA) chains (figure 8). The
activity of the immobilized enzyme was assayed
using a substrate 2,2"-azino-bis(3-ethylthiazoline-
6-sulfonate) (ABTS). The practical applicability of
immobilized HRP in the catalytic degradation of
textile dyes was investigated using Basic Red 29
(BR29) as amodel dye. The immobilized enzyme
system was found to cause ~90% degradation of
BR29 over a period of 20 days and was reusable
for five cycles without substantial loss in activity.

3.3.3. Laccase immobilization

Laccases are another class of interesting
enzymes which, owing to their very broad
substrate specificity with respect to the electron
donor, can be used for treatment of effluents from
pulp mills or from other industries containing
chlorolignins or phenolic compounds. The
enzymes render phenolic compounds less toxic
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via degradation or polymerization reactions
and/or cross-coupling of pollutant phenols
with naturally occurring phenols. To support
Laccase, we synthesized epoxy functionalized
polyethersulfone (PES) beads via interpenetrating
polymer network formation with poly(EPMA)
using “°Co-gamma radiation source [14]. The
Poly(EPMA)-functionalized-PES [poly(EPMA)-f-
PES] beads were fabricated using phase inversion
route, followed by asingle, amine group facilitated
laccase immobilization step. The immobilized
laccase was successfully employed to degrade
a widely used textile dye Acid Red 1 (AR1) in
aqueous solution. Room temperature incubation
of the laccase immobilized poly(EPMA)-f-PES
beads with AR1 dye (~10ppm) resulted in ~88%
degradation of the dye over a period of 15 days
and could be repeated for three cycles (figure 9).

3.3.4. Catalase immobilization

Radiation technology can also be effectively
used for Cellulose valorization by converting
cellulose waste into useful, surface tailored
functional templates for enzyme immobilization.
This was achieved through gamma radiation
induced mutual irradiation grafting of monomer
Glycidyl methacrylate (GMA) onto Cotton
cellulose matrix [15]. These epoxy functionalized
poly(GMA)-g-Cellulose substrates were
subsequently tested for immobilization of an
industrially relevant enzyme Catalase, which
is responsible for catalyzing the oxidation
degradation of H,0,and is thus an useful reagent
in the detection of trace levels of peroxide
impurities. This immobilized system was
observed to be reusable for over five cycles with
activity comparable to that of free catalase under
identical reaction conditions.

4. Conclusions

Radjiation technology has proved its worth as
an excellent tool for materials processing and has
helped design new and advanced nano-catalytic
systems and functional polymeric supports for
fabrication of NPs and enzyme immobilized
robust catalytic systems for a broad spectrum
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of environmental and healthcare applications.
Improved operational, storage and thermal
stabilities along with reusability of immobilized
catalytic systems makes them efficient catalysts
for economic viability and potential large-scale
applications. The future of radiation technology,
therefore, lies in its continued application for
designing attractive new materials that help solve
some of our most pertinent environmental and
societal problems.
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Abstract

Distinctive physical and chemical properties exhibited by molecular clusters have been exploited extensively

for understanding several complex chemical, atmospheric and biological processes, at molecular level. Present

article highlights some of these studies, which have been carried out under laboratory conditions, using

molecular clusters as model nano-reactors.

1. Introduction

In a chemical reaction, interaction between
atoms/molecules often involves creation and/
or breaking of bonds resulting in formation
of distinct molecules. On the contrary, under
specific experimental conditions, these atoms
and molecules may aggregate together under
influence of weak Van der Waals interactions,
resulting in formation of clusters. These clusters
represent a unique class of material, which
exhibit dual nature of bonding - comprising
of strong intramolecular bonds as well as
weak intermolecular interactions. Though the
intermolecular interactions are much weaker
than intramolecular bonds, they moderately
perturb cluster properties, as compared to
properties of isolated atoms and molecules of
which they are composed. The extent of variation
in properties of clusters is directly related to
strength of intermolecular interactions. These
weakly bound aggregates, range in size from
dimer to congregate of thousands of atoms and
molecules and exhibit unique properties quite
different from their monomer constituent [1].
Some of the characteristic features exhibited by
clusters, which make them an interesting system
for scientific studies are listed below:

* C(Clusters exhibit size dependent variation
in chemical, optical, catalytic, electrical
and magnetic properties. Such cluster size
dependent variation in properties has been

ascribed to surface effect, which arises due
presence of nearly all atoms/molecules on or
near the surface of cluster (i.e. large surface to
volume ratio). Thus, cluster properties can be
significantly manipulated by slight variation
in number of constituent atoms/molecules
within the cluster.

Intrinsic properties of cluster are different
from their corresponding gaseous and bulk
phase analogue. Also they exhibit distinct
cluster specific chemical and physical
properties, which depend on nature of cluster
constituents and cluster size

Clusters are considered ideal medium
for understanding complex molecular
processes ensuing in complex environment
at molecular level, due to their inherent
properties like finite size, bulk-like density
and their secluded existence in gas-phase
unperturbed by external factors.

Also, clusters possess large number of
internal degree of freedom and closely spaced
energy levels, which make them an efficient
heat bath, as they can dissipate energy and
cool down in vacuum by evaporation of their
constituents from the surface.

These characteristic features have promoted
the topic of cluster science as a frontline area of
research, spanning over a wide field ranging
from physics, chemistry, materials science,
biology and astronomy. In these studies,
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clusters are often utilized as nano-laboratories
for understanding various chemical, physical
and biological phenomena at molecular level,
where weak intermolecular interactions are
considered to play decisive role [2]. For example,
clusters have been utilized to obtain insight about
influence of solvent at molecular level, which is
of relevance in various chemical processes. Also,
clusters are considered as ideal medium for basic
understanding of different processes like energy
dissipation, interaction between biomolecules,
influence of intermolecular interactions on
structure and stability of biomolecules, catalysis,
photochemistry etc. Clusters have also been
doped with different molecules for understanding
mechanism of chemical reaction and for carrying
out spectroscopic studies at a temperature of
few kelvins to sub kelvin range. Generally large
helium clusters offer super fluid environment
for studying chemical reactions, determining
structure and spectroscopic properties of
chemical/biological species, embedded within
the helium cluster [3]. In this article, we will
highlight some of the studies where clusters
have been used as model nanoreactors for
understanding different processes, relevant to
catalysis, atmospheric & interstellar chemistry,
and biology, after briefly describing methods of
cluster generation and characterization.

2.1 Generation and characterization of clusters

Gas-phase clusters of atoms and molecules
are prepared by supersonic expansion of gases
and liquids having high vapour pressure, through
anarrow nozzle into vacuum. During the process,
adiabatic cooling arising from transformation
of thermal energy of gas into kinetic energy of
supersonic jet, lowers the translational, rotational
and vibrational temperature of the gaseous
species to a few kelvins. Collisions within the
expanding gaseous mixture transform the
random motion of the gas into directed flow.
Lower temperature coupled with unidirectional
flow of gaseous molecules and frequent collisions
during the expansion process leads to generation
of clusters in the supersonic jet. In the initial phase
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of cluster nucleation and growth, three body
collisions play a vital role, as the process of cluster
formation is exoergic in nature and the third body
is required for removal of excess energy from the
system in the form of kinetic energy. This method
of cluster generation is generally employed for
carrying out studies on pure molecular clusters
or mixed clusters of molecular species having
significant vapour pressure. While for generation
of clusters of refractory materials i.e. metals and
ceramics, laser vapourization method coupled
with supersonic expansion source is employed.
Using this method cluster of virtually any
element and their compound can be generated.
In this method, the refractory material in form of
pellet or rod is ablated with a focused pulse of a
laser beam, which results in generation of plasma
at the target surface with temperature ~ 10* K.
The laser generated plasma is supersonically
cooled using monoatomic inert gases, resulting
in formation of clusters of refractory materials
(Fig. 1) using a Smalley type cluster source [4].
Size of cluster generated by supersonic expansion

Rotating rod

Laser port

Neozzel
output

$ ey

Figure 1: Smalley type source for generation of cluster of
refractory materials by laser ablation

span over a broad range and exhibit log-normal
distribution, and is usually characterized by
average cluster size. The average cluster size
depends on the inert gas pressure, temperature
of the stagnation chamber, diameter of the nozzle
and the bond constant of the clustering molecules.
Generally, “Hagena parameter” is widely used to
determine the average size of cluster under given
set of experimental conditions [5].

For generation of embedded heterogeneous
clusters, where an atom or molecule is externally
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attached/ adsorbed on the host cluster surface,
pick-up technique is generally used. In this
method, the initial clusters (the host clusters)
generated via supersonic expansion are
interacted perpendicularly by a beam of foreign
atom/molecule/cluster, at a certain distance
downstream from the nozzle. Collision between
the supersonically generated clusters and the
externally directed atoms/molecules results
in the formation of heterogeneous clusters.
The extent of doping of the cluster surface or
number of captured molecules on the cluster
surface depends on the pressure of the pick-up
source. By adjusting the pressure of the pick-up
source, one can optimize the conditions, so that
only few molecules are adsorbed on the surface
of the clusters. This method is widely used for
preparation of metal-doped molecular clusters.
As reactions on clusters have analogies with
reaction which transpire on bulk surfaces, such
types of cluster are widely used for understanding
processes occurring on bulk surfaces.

These gas-phase clusters are fundamental

tools for understanding energy dynamics, effect
of solvation, photochemistry of clusters, and
for understanding intermolecular interactions
and its influence on structure. Such studies
are vital for understanding the weak attractive
forces that bind different molecules within the
cluster. Different techniques have been used to
characterize various features of clusters ranging
from understanding their shape and stability,
size distribution, reactivity and other processes.
Some of the techniques which are widely used
are time-of-flight mass spectrometry, ion-
mobility, laser based techniques - resonance
enhanced multiphoton ionization, laser-induced
fluorescence (LIF), fluorescence/resonant-ion
depletion by infrared (FDIR/ RIDIR) spectroscopy
[6], zero kinetic energy (ZEKE) photo-electron
spectroscopy, etc., to name a few. Utilization
of these methods for understanding different
processes, which are of relevance to catalysis,
atmospheric and interstellar chemistry and
biological studies are listed below.
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2.2. Molecular clusters as model nanoreactors
in heterogeneous catalytic chemistry

Over the last decade, single-atom catalysts
(SAC’s) have emerged as a new class of
heterogeneous catalysts. These SAC’s, have
attracted considerable interest due to their higher
efficiency, activity and selectivity as compared to
traditionally utilized catalysts, besides aiding in
effective utilization of precious metals. For these
catalysts, conventional methods are of limited
help in characterizing and understanding their
catalytic mechanisms, which is essential for
development of superior catalysts [7]. As the
nature of active sites, coordination environment
and electronic structure, are important factors
which affect the overall properties of the catalysts.
Here, clusters have emerged as an effective
medium for fundamental understanding of
catalytic activity at molecular level. Besides,
clusters have also been employed for screening
catalytic activity of different homogeneous and
heterogeneous catalyst. A typical example is
oxidation of CO into CO,, which is an important
prototypical reaction in heterogeneous catalysis
and has been extensively investigated in the gas
phase for understanding the underlying catalytic
mechanism. For example, isolated single Pt
atom on iron oxide support (Pt,/FeQO ), exhibits
excellent catalytic activity for CO oxidation [8].
Consequently, for molecular-level understanding
of SAC process, studies have been carried in
gas-phase on metal doped heteronuclear metal
oxide clusters (HMCOS). In these studies, the
metal ions or metal incorporated HMCOS were
generated by laser ablation of the mixed-metal
disks compressed with different metal powders,
in the presence of O, seeded in the He carrier
gas. The molar ratios of different metals and
the percentages of O, used in the He carrier
gas was varied, depending on the nature of the
different HMOCs. Subsequently, the cluster
ions of interest were mass-selected using a
quadrupole mass filter and were transferred
into a linear ion trap (LIT) reactor, where they
were confined and thermalized by collisions
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with a pulse of He gas [9]. Afterwards, these
thermalized clusters are interacted with a pulse of
CO, O,, or a mixture of CO and O, under thermal
collision conditions. The cluster ions ejected from
the LIT are later characterized by a reflectron
time-of-flight mass spectrometer (RTOF-MS).
Structure of these cluster ions generated has
also been characterized by collision induced
dissociation and photoelectron spectroscopy.
Using above method, studies have been carried
out on single Au/Pt atom doped heteronuclear
metal oxide clusters. In these studies, only few
Au, or Pt, doped gas-phase systems were found
to be catalytically active for CO oxidation (Au/
AlLO, ., Pt/ALO, ), while some systems were
found to exclusively adsorb CO. A concept of
electronegativity-ladder effect was proposed to
explain enhanced reactivity of these noble metal
doped HMOCs. Further, these findings have
been extended for designing of noble metal-free
HMOC:s for catalytic CO oxidation by O, [9].

Another important catalytic reaction which
has been investigated is metal ion mediated
cyclization of acetylene. In these studies, acetylene
clusters containing transition metal atomic ions
i.e. M*(C,H,) , are employed as nano-reactors to
assess catalytic activity of metal ions towards
acetylene polymerization in the gas phase. This
catalytic reaction is of relevance in industrial
and interstellar chemistry, for understanding
formation/origin of large polycyclic aromatic
hydrocarbons [10]. In one such study the kinetics
of successive reactions of acetylene (C,H,)
initiated on vanadium and iron atomic cations
have been investigated under thermal conditions
using the variable-ion source and temperature-
adjustable selected-ion flow tube apparatus
[11]. Based on these studies it was proposed that
cyclization of acetylene mediated via Fe* involves
successive addition of three acetylene molecules,
yielding Fe*(C,H,),, followed by addition of a
fourth acetylene molecule. Addition of fourth
acetylene molecule initiates cyclotrimerization,
yielding Fe*(C,H,) + C H, (benzene) or Fe*(C H,)
+ C,H,. In contrast, the reaction of V* with C,H,
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yielded cluster fragment ions arising from
successive associations i.e. V*(C,H,) (n=1-12)
and from loss of H, (V*C,(C,H,) (m=1-12)).

In another study, nitridation of tantalum has
been investigated in gas-phase [12]. Tantalum
nitride is an attractive material, having several
applications in field of microelectronics, thin
film resistors, as a vermilion pigment (free
from toxic heavy metals) and as a photo-
catalyst. Investigation involved reaction of
ammonia with size-selected tantalum clusters.
Based on these studies it was concluded that
tantalum clusters (Ta ") undergoes successive
nitridation by ammonia molecules accompanied
by dehydrogenation. The nitridation reaction
continues until the tantalum atoms within the
cluster attain +5 oxidation state, thus exclusively
producing tantalum(v) nitride over a wide
range of cluster size. On the contrary in bulk
phase, tantalum forms nitrides in either +5 or +3
oxidation state.

Besides, clusters have also been utilized to
screen catalytic activity of different metal ions
towards various catalytic processes. Certain
transition metal ions stimulate C—C, C-H, O-H
and O—O bond activation in gas-phase reactions,
leading to generation of higher hydrocarbons and
value added products. For example, insertion
reaction initiated by Ti* ions with methanol in
gas-phase leads to generation of TiO*, TiOH",
Ti(CH,0O)*, and Ti(CH,O)" primary product
ions. Based on laser ablation—-molecular beam
studies, elimination of hydrogen molecule has
been suggested to be a dominant process for
ion—molecule reactions of Ti* with methanol
clusters, resulting in generation of fragment ions
Ti*(CH,OH), ,CH,O. Likewise, interaction of
Ti* with methanol clusters has been reported to
generate primary ions TiO*(CH,OCH,)(CH,OH)
., suggesting catalytic conversion of methanol
into dimethyl ether [13]. In one of our study, we
have also investigated catalytic activity of laser
ablated transition metals ions upon interaction
with methanol clusters [14]. Figure 2 illustrates
mass spectra obtained for gas-phase reaction
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Figure 2: Time-of-flight mass spectra obtained upon
interaction of Cr* ions with methanol clusters. In addition
to ion peaks corresponding to Cr*(MeOH), (n=1-26) and
Cr*(MeOH), (MeOMe) (m=2-24) series, ion signal marked
with * correspond to cluster fragment ions Cr*(MeOH)
,(H,0) (q=12-20).

of Cr* ions with methanol clusters. In the mass
spectrum two series of cluster ion signals are
observed corresponding to Cr*(MeOH)_(n=1-26)
and Cr*(MeOH) (MeOMe) (m=2-24). Based on
the mass spectrum it can be concluded that Cr*
ions facilitates catalytic conversion of methanol
to dimethyl ether for Cr*(MeOH),_ clusters with
n 24, via following reaction -

Cr*(MeOH)  (n = 4) — Cr"(MeOH)_(MeOMe)
(m=2)

Similar studies involving interaction of
metal ions with molecules and their clusters
has led to extensive studies for understanding
catalytic activity of metal ions, which are of
significance in various chemical, biological and
physical processes. Thus, gas-phase studies
have significantly enriched our understanding
about behaviour of transition metal ions in the
bulk phase. Here, mass spectrometric studies
of gas-phase ion—molecule reactions have
significantly contributed in deriving qualitative
and quantitative information about intrinsic
physical and chemical properties of metal ions,
while circumventing complexity of the bulk
phase.

Vol. 34, Issue Number 1&2

January, 2022

2.3. Molecular Cluster for mimicking
atmospheric processes in laboratory

Role of clusters in influencing chemical
processes in the atmosphere and interstellar space
has been extensively investigated. In the rarefied
environment, clusters offer suitable heterogeneous
surface for adsorption of chemical species and
facilitate their catalytic transformation, even at
lower temperature. For example, it is well known
that ice nanoparticles of polar stratospheric
clouds (PSC’s) play a key role in adsorption
of pollutant molecules and their subsequent
transformation into ozone depleting species, via
chemical and photochemical processes.

In atmosphere, water forms molecular
complexes with several atmospheric species
like O,, OCS, SO,, SO,, NO,, NO, SH, CIO, NH,,
HNO,, HCl, H,SO,, O,, N,, Ar, OH, HO,, etc. in
gas-phase via weak intermolecular interactions
[15]. Thus, comprehending effect of water on
photochemistry of various atmospheric trace gases
is of relevance for earth’s atmosphere and outer
space environment. Though the concentration of
these complexes in the atmosphere is miniscule
they have a profound effect on the chemistry
of the atmosphere. For example, photolysis
of ozone-water complex (O,.H,O) leads to
generation of OH radical in the atmosphere, at
energies much lower than the bond dissociation
limit of pure O,. This red shift has been ascribed
to enhancement in spin-forbidden dissociation of
O, assisted by H,O. Besides proximity of H,O also
minimizes collisional deactivation of O species
produced upon photolysis of O,. It is estimated
that only 0.001% of ozone in the atmosphere
might be complexed with water along the marine
boundary layer, though they contribute to ~15%
of OH produced in the atmosphere [15].

Such atmospheric processes have been
mimicked at laboratory scale, by generating large
water clusters (ice nanoparticles) doped with
different chemical species and understanding their
photochemical behaviour. Also, water clusters
have been widely utilized for understanding
different processes occurring in aqueous phase,
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at aqueous-air interface and in gas-phase,
for understanding nucleation and growth of
aerosols. In studies, carried out on water clusters
doped with acids (HCI, H,CO,, HNO,, H,SO,)
on surface, it was found that hydrolysis of these
acids was suppressed at water-air interface,
unlike in bulk phase where acid hydrolysis is a
spontaneous process.

Using water clusters, studies have also
been carried out to investigate photochemistry
of halocarbon molecules and their clusters,
deposited on ice nanoparticles. In one such study
photodissociation of CFC-12 (CF,CL,)) clusters was
investigated. Pure clusters of (CF,Cl,) yielded
predominantly Cl fragments at 193 nm. On the
other hand, for CF,Cl, molecules adsorbed on the
water clusters no Cl fragments were observed,
arising from photodissociation of CF,Cl,. This
has been ascribed to surface orientation of
CFC-12 on water surface via halogen bond or
implantation of CF,Cl, molecule within the
cluster. Also, enhancement in dissociative
electron attachment to CFC-12 in the gas phase
by several orders of magnitude on ice surface
has been reported for electrons with near-zero
kinetic energy. This process has been considered
as supplementary potential source of Cl radicals
in the stratosphere [16]. Similarly photochemistry
of (CCl,), clusters upon interaction with laser
pulses of varying wavelength (spanning from
IR to UV region) and intensity has also been
carried out [17]. Photodecomposition of CCl,
and its clusters is of relevance as it is a long-lived
green-house gas having highest ozone depletion
potential, among methyl halides. At all the laser
wavelengths (CCl,)_clusters undergoes excessive
fragmentation. These neutral fragment ions are
subsequently ionized by multiphoton absorption
process (Figure 3). Depending on pulse duration
at 266, (CCl,) clusters exhibit dominant ion
signal corresponding to singly charged fragment
ions i.e. CI*, CCI*, CCl,* and CCL,* in the mass
spectra. While for studies carried out at 266 nm
using picosecond laser pulses minor ion signal
corresponding to C,Cl* and C,CL,* were also
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Figure 3: Time-of-flight mass spectra of (CCl,), clusters
upon interaction with 266 nm laser pulses of (a) 10
nanosecond pulse duration (Intensity ~ 10° W/cm?) and (b)
35 picosecond pulse duration (Intesnity ~ 10" W/cm?).(c)
Schematic of photodissocitaion/photoionization of (CCl,),
clusters as a function of laser pulse duration [17].

observed (Figure 3). Observation of these ions has
been ascribed to intra-cluster radical chemistry
resulting in generation of neutral precursors,
which are subsequently multiphoton ionized.
Present studies suggest that fate of atmospheric
species also strongly depends on the characteristic
of ionizing radiation.

Using clusters as a medium, origin, stability
and lifetime of different organic molecules
identified/ detected in interstellar medium has
also been investigated. One such compound
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is pyruvic acid, which is proposed to have
been synthesized on interstellar ices. It is an
important molecule in prebiotic chemistry. To
comprehend stability of pyruvic acid towards
decomposition in the interstellar medium by
slow electrons, electron attachment to homo-
molecular and hetero-molecular clusters of
pyruvic acid has been investigated using mass
spectrometry. Fragmentation pattern of pure
and micro-hydrated pyruvic acid clusters was
investigated as a function of electron energy. In
these studies, degree of fragmentation has been
found to decrease substantially upon clustering.
Significantly lower fragmentation was observed
for heteromolecular clusters of pyruvic acid and
water, which was ascribed to non-dissociative
attachment of electrons [18]. Thus, clusterization
enhances stability of pyruvic acid. Above studies
signify role of water clusters in mimicking
and understanding different atmospheric and
interstellar processes at laboratory scale.

2.4. Role of molecular clusters in understanding
biological processes

Intermolecular interactions, primarily
hydrogen bonds, play a crucial role in various
biological and chemical processes. For example,
complementary strands of DNA are held together
by hydrogen bonds. Also, Hydrogen bonding
plays a pivotal role in influencing ability of
biomolecules to form and maintain particular
three dimensional structures. Weakly bound
intermolecular clusters are ideal candidates
for understanding structure and stability of
different biological molecule and for modelling
various biological processes. As interaction
of biomolecules with solvent is primarily
responsible for their structure and activity,
studies have been carried out on micro-hydrated
biomolecular clusters, as around 70-80% by
weight of the human body comprises water.
As a primary constituent of body fluid, water
plays a significant role in various biological
processes taking place in a living organism.
Hence, micro-hydrated clusters of biomolecules
(or their simple molecular analogues) have been
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investigated to understand influence of solvation
on their structure, activity and radiation stability.
In studies related to radiation therapy, these
micro-hydrated biomolecular clusters have been
subjected to low energy electrons and the resultant
fragment ions have been analysed, for evaluating
radiation stability of biomolecules and for
identifying potential radiosensitizers. In radiation
therapy, these low energy electrons are generated
due to ionization of cellular components with
high energy radiations. Based on these studies, it
has been demonstrated that dissociative electrons
attachment of biomolecules is suppressed to
a significant extent upon hydration. Studies
have also been carried out on nimorazole and
their hydrated clusters, upon interaction with
low energy electrons. In radiation therapy,
nimorazole is used as radiosensitizer, as it mimics
oxygen effect in hypoxic tumour cells. These
cells are oxygen deficient due to their anaerobic
environment. Based on the studies carried out on
nimorazole clusters, it was concluded that upon
hydration nimorazole efficiently forms parent
radical anion via associative electrons attachment
and the dissociative electron attachment channel
is significantly suppressed [19]. Here the parent
anion is stabilized via energy dissipation to the
surrounding environment. Which is further
substantiated by electron attachment experiments
carried out on nimorazole doped water clusters
of varying composition. As a result nimorazole
is selectively cytotoxic to tumour cells, as
nimorazole anions produced via associative
electron attachment of low energy electrons is
preferentially accumulation in the tumour cell.

Hydrated clusters of imidazole derivatives
have also been investigated by spectroscopic
techniques, to validate role of weakly polarized
and unconventional H-bond donor i.e. C-H, in
solvation and stabilization of H-bonded networks
of water molecules. These weak hydrogen bonds
involving C-H as a donor, influence structure
and bioactivity of large number of biomolecules
and natural products comprising activated C-H
bonds. Similarly, equilibrium thermochemical
measurements using ion mobility drift cell
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Figure 4: Structures of (a) pyrimidine*(H,0), (n=1-3) and (b) H*pyrimidine(H,0), (m=1-3) clusters calculated by DFT
at the M06-2x/6-311++G (d,p) level. AE represents binding energies, corrected for zero-point energies and basis-set super

position errors [20].

technique have also been carried out to quantify
binding energies and associated entropy
changes upon stepwise hydration of biologically
significant ions. In one of our studies, binding
energy of hydrated pyrimidine radical cation
(11.0 kcal/mol) was found to be significantly
lower than the binding energy of hydrated
protonated pyrimidine cation (15.6 kcal/mol),
which has been ascribed to formation of weak
CH®" - - OH, hydrogen bond and stronger NH*
-+ OH, in the respective complexes. Moreover,
hydrated pyrimidine radical cation clusters are
suggested to form internally solvated structures,
where the water molecules are bonded to the
C,N,H,** ion via weak CH®* - - OH, hydrogen
bonds only. While the hydrated protonated
pyrimidine clusters were suggested to form
externally solvated structures, wherein the water
molecules were also bonded to each other [20].

As simple molecular analogues of
biomolecules are predominantly aromatic in
nature, studies related to solvation of aromatic
molecules, is also an important area of research

in the field of cluster chemistry. Upon ionization,
these solvated clusters predominantly generate
protonated cluster fragment ions, arising from
intracluster proton transfer processes, which
transpires during dissociation/ionization of
hydrogen bonded clusters. As proton transfer
processes are of relevance to several biological
processes, clusters provide a simple medium
for understanding proton-transfer processes
at molecular level. Mainly, several five and six
membered aromatic compounds have been
investigated using multiphoton ionization time-
of-flight mass spectrometry. These aromatic
compounds are key building blocks of proteins
and nucleic acids i.e. pyrazine, pyrimidine,
tetrahydrofuran, etc. [21]. Studies have also been
carried out on clusters of tetrahydrofuran, which
is considered as the simplest molecular analogue
for the deoxyribose building block of DNA. These
studies involve interaction of tetrahydrofuran
(THF) clusters with intense laser pulses and
electrons of varying kinetic energy. Figure 5
depicts time-of-flight mass spectrum obtained
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Figure 5: Time-of-flight mass spectrum of THF clusters
irradiated with 355 nm laser pulse of intensity ~ 10°
W/em? [22].

upon interaction of tetrahydrofuran clusters with
355 nm laser pulses of intensity ~10° W /cm?. In the
mass spectrum, along with fragment ions, signal
corresponding to protonated cluster ions of the
type (C,H,0) H* (n = 2-6) and (C,H,0),(H,O)H*
are also observed in the mass spectrum. Though
no ion signal corresponding to a water-associated
THEF cluster complex for monomer and dimer of
THF were observed in the mass spectrum. Also,
no C,H,O* molecular ion signal was observed
in the mass spectrum [22]. In addition, electron
solvation in THF clusters have been investigated
using photoelectron imaging technique. Based on
these studies, the vertical detachment energies
of the solvated electron was found to increase
from 1.96 to 2.71 eV, with increase in size of THF
cluster size, suggesting stabilization of solvated
electron in larger THF clusters. Such studies are
of relevance in simulating radiation damage
caused to the biomolecules upon interaction with
ionizing radiations.

In summary, molecular clusters provide
useful insight about various condensed phase
phenomena, which are of relevance in basic
and applied science. Fine alteration in cluster
properties as a function of composition, shape
and size, provides a convenient handle for
mimicking bulk-phase environment in gas-
phase. Besides, unique properties of cluster like
finite size, bulk-like density in gas-phase, higher
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surface to volume ration, qualify clusters as
ideal medium for simulating complex physical
and chemical processes which transpire in bulk-
phase, at molecular level.
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Abstract

Carbon nanotubes can be ignited and reconstructed upon the exposure to light from a normal

camera photo-flash. During this experiment, the temperature of the system is estimated to be

more than 1500°C which causes unprecedented photothermal effects, leading to the generation

of hydrogen molecules along with methane, CO,, etc. In this work, we have made an attempt to

model this phenomenon using electronic structure theory based methods by considering carbon

nanocages and water molecules. Our results reveal that confining few water molecules only leads to

the hydrogen bonded water cluster inside the nanocage. Increasing the number of water molecules

results into opening of nanocage as well as destruction of carbon network structure. However,

generation of hydrogen molecules is rather observed to be a difficult task which substantially relies

on the concentration of water molecules present inside the nanocage.

1. Introduction:

Carbon nanotubes (CNTs) are tubular
allotropes of carbon. Their structure consists of
cylindrical walls of hexagonally arranged sp*-
hybridized carbon atoms akin to seamlessly rolled
up cylinders of graphene sheets. Depending
on the number of graphene layers (number of
coaxial cylinders) in their structure, CNTs can be
categorized into single-walled and multi-walled
carbon nanotubes (SWCNTs and MWCNTs,
respectively). Historically, MWCNTs were
discovered in 1991 when Ijima reported the
presence of nanotubes of pure carbon, then called
“helical carbon microtubules”, in the soot of arc-
discharge fullerene reactor [1]. Characterization
of these tubes using high resolution transmission
electron microscopy (HRTEM) and electron
diffraction revealed that they consist of at least
two (often more) layers, measuring ~ 3-30 nm in
outer diameter and ~ 1-100 pm in length. Later,
Jjima reported the discovery of SWCNTSs which
were narrower (~1 nm in diameter) and made
up of a single graphene layer [2]. Both SWCNTs

and MWCNTs are high aspect ratio structures
with length-to-diameter ratio usually above
1000. Thus, they can be considered as quasi
one-dimensional nanomaterials. The bonding,
structure and dimensionality of CNTs endow
them with unique and superlative mechanical,
thermal and electrical properties such as high
tensile strength, superior thermal, and electrical
conductivity.

In the year 2002, a surprising phenomenon
of CNTs came into the light. It was discovered
that SWCNTs can be ignited and they undergo
reconstruction on exposure to a short pulse of
visible electromagnetic radiation from a camera
flash [3]. This process, termed as “flash-ignition”
or “photo-ignition”, has been explained in terms
of photo-thermal effect where the absorbed
photon energy is converted into heat through
non-radiative dissipation or photochemical
reactions which eventually disrupts carbon
network structure. In general, this heat energy
would be gradually lost to bulk and equilibrated.
However, in the case of SWCNTs, the rigid carbon
network and high axial thermal conductivity
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cause the heat to be confined within individual
nanostructures leading to the formation of
local hot spots with high temperatures which
is sufficient to initiate the oxidation of carbon
(ignition). This reaction is further propagated
by heat released from the ignition exothermic
step. In 2006, Guo and co-workers investigated
the possibility of harnessing the highly efficient
photo-thermal effect in SWCNTs for the synthesis
of methane [4]. SWCNTs were exposed to
conventional camera flash and the released
gases were analyzed using quadrupole mass
spectrometer (QMS). Peaks obtained at atomic
mass units of 15 and 16 corresponding to CHs*and
CH.", respectively, clearly indicated the formation
of methane. Adsorbed atmospheric hydrogen or
atomized hydrogen from residual wetting water
were designated as a possible H sources.

Later, Guo and co-workers raised an
important question: What would happen if
SWCNTS filled with water molecules, were
subjected to photo-flash experiments? [5]
Interestingly, the evolution of hydrogen rich

gases was observed indicating that water-
splitting is occurring with visible light sources.
The total pressure of the glass chamber housing
the system sharply increased to 12 Pa within ~
1s of irradiation and stabilized around 0.01 - 0.1
Pa within minutes. As the reaction was carried
out in ultra high vacuum (< 1077 Pa), the increase
in pressure was solely due to gases generated
during the reaction. Analysis of the released
gases using ion gauge and QMS indicated that
hydrogen accounted for ~ 80 mol % of the gases.
Carbon oxides, methane, and trace amounts
of ethane accounted for the remaining 20 mol
%. SWCNTs act as carriers of nanowater as
well as photo catalyst and the energy absorbed
from the flash is effectively thermalized inside
the nanostructure. It was postulated that local
increase in temperature leads to the release of free
C atoms creating a high pressure environment
within the nanotubes. This causes the water
molecules and other species present inside the
nanotubes to be momentarily confined in the
spatial nano-regime.
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The combination of high temperature
and high pressure under high confinement
possibly lead to the reaction conditions favoring
the splitting of water molecules. Hydrogen
generation is an important problem in the
forefront of green energy research. Therefore, it
is of interest to understand the visible light flash
induced generation of hydrogen from SWCNT-
confined water reported in this paper.

The above-mentioned photo-flash based
experiments are in general very fast and taking
place within micro to milli seconds. It is therefore
not feasible to experimentally explore the details
of the chemical processes in such short period
of time. In present work, we have made an
attempt to investigate the possible chemical
reactions taking place in water containing
SWCNTs following a photo-flash using density
functional theory approaches. We are specifically
interested in the events following the creation of
high-pressure local environment rather the actual
photo-thermal transfer and liberation of C, H and
O atoms. To this end, appropriate model systems
have been considered as discussed shortly. An
attempt has been made to find out the effect of
confinement and the triggering factor leading to
the formation of H,.

2. Computational details:

All minimum energy structures have been
obtained through calculations performed at the
level of density functional theory employing the
B3LYP exchange-correlation hybrid functional
method as implemented in TURBOMOLE as
well as ORCA 3.0 quantum chemical software
[6,7]. The geometry optimizations have been
performed using Ahlrich’s def2-SVP basis sets to
describe the C, H and O atoms. Final geometries
have been optimized using def2-TZVP basis sets.
All calculations have been performed without the
imposition of symmetry constraints.

3. Results and Discussion:

Taking into account the experimental
conditions as described in literature [3-5], the
reactions inside water containing SWCNTSs can
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be thought to proceed in the following manner.
Following photo-flash, liberation of C atoms
from the nanostructure occurs due to local heat
confinement and disruption of carbon network
structure. The duration of this photo-thermal
process and build-up as well as the recession of
the photoacoustic wave is quite short. Transiently,
the water molecules can be assumed to be highly
confined inside the nanotube along with other
species in close proximity and they do not have
sufficient time to move away. As temperatures
within the tubes at this pointis also high, enormous
pressures build up and water molecules can be
thought to be under confinement inside a cage
of atomic carbon species. Experimentally too, it
is observed that there is a sharp increase in total
pressure in glass chamber housing SWCNTs
within of seconds of ignition [4]. This increase
in total pressure could be indicative of an even
higher increase in pressure inside the CNTs. In
order to mimic the experimental conditions as
described above, we have considered a model
system consisting of fullerene molecules filled
with water molecules inside the cages. The
spherical periodic arrangement of carbon atoms
in the fullerenes sufficiently replicate the nature
of the high confinement as well as the transient
atomic arrangement of liberated carbon atoms
around water molecules following the flash. We
have chosen C, f}lllerene, which has an average
diameter of ~5.7 A to model the splitting of water
inside SWCNT.

Let us begin with the discussion of pristine
C,,- The minimum energy structure obtained for
pristine C, is given in Fig. 1. This structure can
be described as an ellipsoid of fused pentagonal
rings of carbon atoms with average C-C bond
distance of ~ 1.43 A. Equatorial diameter (D, )
of this ellipsoid was ~ 5.9 A and the polar
diameter (D ) was ~ 5.2 A. The results of
systematic addition of water molecules into the
pristine C,, cavity are presented as follows. On
addition of one water molecule, no significant
changes were observed in the shape, size and
C-C bond lengths of the fullerene. The confined
water molecule resided approximately at the
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center of the cavity. Its geometrical parameters
(O-H bond length = 0.95 A; H-O-H bond angle
= 104.3°) were comparable to that of free gas-
phase water. When a second water molecule was
added, the fullerene’s dimensions was observed
to increase (De ~6.2 A, Dpo1 ~b5.5 A; average C-C
bond distance ~ 1.49 A). lonization of water into
free hydronium and cage adsorbed hydroxyl
ions (C---OH =1.48 A) were also observed.
These ions interacted with each other through
inter-molecular hydrogen bonding having a
length of 1.38 A and bond angle of ~ 105°. These
parameters deviate significantly from that of
conventional O---H-O hydrogen bond which is
addressed in a subsequent paragraph. Energy
minimizations following the accommodation of
three and four water molecules also resulted in
water ionization and bulging of C,, It must be
mentioned here that the integrity of the fullerene
cage remained intact in all the above cases and
the interaction of confined water molecules with
C,,, is mostly observed through the adsorption
of either water molecules or hydroxyl ions as
depicted in the top 4 boxes of Fig. 1. The C---O
bond distance in these adsorption events were in
the range of 1.42-1.48 A.

Addition of more than four water molecules
triggered the bursting of the fullerene cage.
We have investigated this phenomenon for
confinement of five to ten water molecules. One
trend common to these systems is that C-O, C=0
or C-O-C type groups could be found at the carbon
atoms lining the site of rupture. For example, two
C-O-H and one C-O-C groups of average C-O
bond lengths 1.36 and 1.46 A, respectively existed
at the rupture site of C,, + 5H,0O and equilibrium
geometry of C, + 6H,O system contained two
C=0 groups of average bond length ~ 1.18 A.
These groups can be considered as oxidation
products of the cage. This is even more true for
the case of C,;+ 8H,0 system where liberation
of free carbon monoxide (bond length = 1.15 A)
was observed. Thus, it can be concluded that
confinement of 4-5 water molecules initiates
the ignition or oxidation of C,,. When ten
water molecules were added to this cavity, the
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Figure 1: Minimum energy structures for confinement of water molecules inside C,, fullerene cage
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bursting of cage occurred in a manner resulting
in fragmentation of C,, into two 18-carbon cup
shaped halves. The carbon atoms bordering
these fragments feature several C-OH and C=0
groups in concurrence previous observations.
Interestingly, in addition to ionization of water
and cage oxidation reactions, formation of four
hydrogen molecules could be observed indicating
that splitting of water occurred. These results
reveal that when a minimum number of 8-10
water molecules are confined within a carbon
cavity of ~ 6 A length, it is possible to generate
molecular hydrogen through the water splitting
process. Thus, our models based on the water
molecules confined inside the fullerene cage,
unambiguously predict the necessary condition
for the liberation of H,.

Let us now analyze certain aspects of the
results obtained above. HRTEM images taken
after flash-ignition of SWCNTs in air indicate
the presence of reconstructed structures such as
nano-horns [3]. At the same time, TEM as well as
electron microscopy images of SWCNTs flashed
at vacuum reveal that structural reconstruction
occurs even in the absence of ignition [3,4]. CNTs
oxidize at about 600 - 700°C, but bond-breakage
and reconstruction require higher temperatures
of 1500 - 2000 °C [8,9]. Therefore, the photo-
thermal effect following flash must allow the
local temperature within individual nanotubes
toreach at least 1500 °C. The same criteria can be
extended to water containing SWCNTs. Thermal
degradation of water is an uphill process with a
positive change in Gibbs free energy (AG ~ +237
kJ/mol) and requires temperatures greater than
2000 °C. Thus, the increasing order of feasibility of
processes appears to be cage oxidation followed
by cage rupturing and hydrogen generation.
The results of our energy minimization studies
on the model chosen to mimic the transient high
pressure experimental conditions indicate that
number of confined molecules is the key factor
triggering these processes. Whereas oxidation
of the cage is initiated upon the addition of 4-5
water molecules, fragmentation of C, as well as
formation of hydrogen occur when at least 8-10
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water molecules are present.

4. Conclusions:

According to experimental data, ~ 80 mol%
of the gases released during photo-flash of water
filled SWCNTs was made of hydrogen. The
second major contributor was carbon monoxide
(~ 11 mol %) [5]. Using our model, we are able
to observe the liberation of both four H, (in > 8
water molecule containing systems where water-
splitting has been triggered) and one CO (in 4-8
water molecule containing systems where only
cage oxidation occurs). The ratio of the number
of H, to CO molecules also agrees well with
the QMS data of composition of released gases.
Thus it can be concluded that using a fullerene
model to mimic the distribution of atomic carbon
around SWCNT-confined water, many of the
experimental results could be revisited in our
computational investigation. Light has been shed
on certain aspects of the chemistry of this reaction
such as the effect of number of confined water
molecules and functional groups involved in
the oxidation of the cage. It must be mentioned
here that structural parameters of confined water
differed considerably from gas-phase water
in most of the cases. It could also be observed
that bond length and angles of hydrogen bond
between hydronium and hydroxyl ions differed
considerably from that of bulk water. Such
deviations in the structure of water molecules
confined inside carbon systems such graphite
and CNTs have been previously reported in
both experimental and theoretical studies [9-12].
Nanoconfined water has unusual structure and
dynamics, different from that of the bulk water.
SWCNTs undergo highly efficient photothermal
effect under the photo flash. This is perhaps the
reason for the occurrence of high barrier reaction
such as splitting of water with low-energy input
such as photographic flash inside SWCNTs.
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