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Message from the President and Secretary, ISRAPS

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

ISRAPS has been actively engaged in organizing conferences and discussion meetings related to the
frontier areas of Radiation & Photochemistry. In this regard, we take this opportunity to acknowledge all
the ISRAPS Life Members and other researchers who have contributed in organizing various activities
including discussion meetings of ISRAPS at different institutes across the country.

ISRAPS remains committed in promoting the advances in the research area in radiation chemistry,
photochemistry and itsinterdisciplinary applications, including spectroscopy, nanomaterials, atmospheric
chemistry, supramolecular chemistry, radiation polymerization, radiation biology, medicine, and more.
Continuing our mandate of advancing academic discourse, ISRAPS recently organized the Discussion
Meeting-Cum-One Day Symposium on “Spectroscopy Across Energy Domains: From Fundamentals to
Applications” on September 28, 2024, at the Department of Chemistry, IIT Hyderabad. The event featured
esteemed experts from leading research groups who delivered insightful talks on the role of spectroscopy
in studying fundamental processes like molecular dynamics and its applications in energy and medicine.
We express our sincere thanks to all participants and extend special gratitude to Prof. Krishna Gavvala
for his pivotal role in ensuring the success of this meeting.

We thank Dr. Beena G. Singh, Guest Editor, for her effort in preparing this bulletin and all the contributing
authors for making it an informative and engaging publication.

We encourage all members to actively participate in ISRAPS activities and help expand our reach by
enrolling more members from their institutions. Your suggestions are always welcome, and we look
forward to your involvement in our upcoming initiatives.

M =
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Dr. A.C. Bhasikuttan Dr. P. Mathi
President, ISRAPS Secretary, ISRAPS

|
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Spectroscopy is a scientific field that focuses on understanding the interaction of matter with
electromagnetic radiation (EMR). The energy of EMR ranges from low-frequency radio waves to high-
energy gamma rays, and the interaction of matter with EMR across this energy domain reveal key
insights into molecular dynamics and structural properties. Understanding the molecular dynamics is
essential for developing materials that have wide-ranging applications in fields such as materials science,
medicine, and environmental monitoring.

Inaneffortto promoteradiationand photochemicalsciences, IndianSociety of Radiationand Photochemical
Sciences (ISRAPS) conducted a one-day discussion meeting titled “Spectroscopy Across Energy Domains:
From Fundamental to Applications” at the Indian Institute of Technology Hyderabad, in collaboration with
the Department of Chemistry, IIT Hyderabad. Continuing ISRAPS’s rich tradition of publishing bulletins
based on talks delivered by esteemed researchers, we are delighted to present this issue, which focuses
on the application of spectroscopy across various scientific domains.This bulletin features six articles that
explore the role of spectroscopy in studying fundamental processes such as molecular dynamics and in
developing materials for applications in energy and medicine. The first article by Dr. Mallia highlights
his work on utilization of ionizing radiation along with functionalized gold nanoparticles for developing
theranostic material. Dr. Juby discusses her work on utilizing gamma radiation to develop customized
polymers for sensors and drug delivery systems. Dr. Rajib article discusses the excited state dynamics of
singlet fission in the polyaromatic compounds and their development as energy-efficient materials. Dr.
Krishna highlights the use of photochemical methods for the qualitative analysis of Imiquimod (IMQ)
in commercial creams, emphasizing their potential in pharmaceutical quality control and counterfeit
detection. Additionally, Dr. Surajit introduces a novel method developed by his group for probing energy
barriers in reactions involving biomolecules and their solvent complexes using two-color resonant two-
photon ionization. The article by Dr. Vandana discusses her research on effect pulse duration on CH.I
dissociation, showing that shorter pulses favor low-energy fragmentation, while longer pulses lead to
Coulomb explosion and complex multi-ion pathways.

Together, these articles highlight the importance of spectroscopy in investigating fundamental molecular
processes and enabling the development of advanced materials for a range of applications. On behalf of
ISRAPS, I sincerely thank all contributing authors for their valuable inputs to this issue.

Dr. Beena G. Singh, Scientific Officer/G in the Radiation and Photochemistry Division,)
BARC. Her main area of interest is investigating the reaction mechanism of radiation induced
redox reactions of organic molecules. She has published 91 articles in peer reviewed scientifid
journals. She is the recipient of Carl Storm International Diversity Award from the organizers
of Gordon Research Conference in Radiation Chemistry, 2012 and Scientific & Technical
Excellence Award from Department of Atomic Energy, 2015.

ii



ISRAPS Bulletin Vol. 36, Issue Number 3 & 4

3

ISRAP

December, 2024

INDIAN SOCIETY FOR RADIATION AND PHOTOCHEMICAL SCIENCES (ISRAPS)

EXECUTIVE COUNCIL (2024-2026)

President
Dr. A. C. Bhasikuttan

Vice-Presidents
Prof.Anindya Dutta

Dr.Yatender K. Bhardwaj

Secretary
Dr. P. Mathi

Jt. Secretary
Dr. Beena G. Singh

Treasurer
Dr. Sumana Sengupta

Executive Members

Dr. Atanu Barik Prof. Shamik Chakraborty
Dr. Awadhesh Kumar Dr. Amit Kunwar

Dr. Sukhendu Nath Dr. Chandra N. Patra

Dr. Madhab C. Rath Prof. Geeta K. Sharma

Dr. AnkurSaha

Co-opted Members
Dr. Nihrendu Choudhury  Prof. Hirendra N. Ghosh
Prof. Sriram K. Gundimeda Dr. Manoj Kumbhakar

Dr. NanditaMaiti Prof. Jai P. Mittal
Prof. Prakash D. Naik Prof. Anil K. Singh
Web Master

Dr. JyotirmayeeMohanty

Dr. V. Sudarsan

Dr. R. Puspalata

Dr. Sharmistha Dutta Choudhury

Dr. Narender K. Goel
Prof. AvinashKumbhar
Prof. Tulsi Mukherjee
Prof. Avesh K. Tyagi

Dr. Abhishek Das and Shri. Subhamoy Saha

Contact details:

C/o Radiation & Photochemistry Division
Bhabha Atomic Research Centre, Mumbai-400085
E-mail: israps.secretary@gmail.com
Telephone:(022)- 25593771 /25592668 / 25590302

iii



ISRAPS Bulletin Vol. 36, Issue Number 3 & 4 December, 2024

Contents
Message from the President and Secretary, ISRAPS i
Editor’s Desk iii
Radiolabeled gold nanoparticles for possible application in therapy of hypoxic 1

tumours
Madhava B. Mallia, Sweety Mittal, Rohit Sharma

Radiation as a tool for synthesis of Polymers, Hydrogels and Nanofibers 9
J. K. Ajish
Evaluating the Qualitative and Quantitative Analysis of a Drug in Pharmaceutical 15

Formulations Using Steady-State and Time-ResolvedSpectroscopy
Dineshbabu Takkella, Krishna Gavvala

Structural Control of Ultrafast Conformational Dynamics of Fluorogenic Probes: 23
Implication in Sensing Efficacy

Rajib Ghosh

Laser Spectroscopic Investigations of Structure, Stability and Energetics of the 33

Isolated Biorelevant Molecular Complexes
Simran Baweja and Surajit Maity

Pulse Duration-Dependent Dissociation Dynamics of CH_I 40
Arnab Sen, R. Gopal and Vandana Sharma

iv



ISRAPS Bulletin

Vol. 36, Issue Number 3 & 4

December, 2024

Radiolabeled gold nanoparticles for possible application in therapy
of hypoxic tumours

Madhava B. Mallia**’, Sweety Mittal*, Rohit Sharma®
“Radiopharmaceuticals Division
Bhabha Atomic Research Center, Mumbai - 400085, India
"Homi Bhabha National Institute, Anushaktinagar, Mumbai - 400094, India
Email: mallia@barc.gov.in

Abstract

Considering the role of hypoxia in cancer progression and poor prognosis, hypoxia centric

theranostic approaches have immense potential in clinical cancer management. Currently, hypoxia

imaging radiopharmaceuticals are used to map hypoxia in tumor followed by image guided

hypoxia directed radiation therapy. Herein, a hypoxia selective theranostic nanoplatform, which

can be used to deliver therapeutic dose of radiation to the hypoxic tumor tissue through systemic

administration is described. In addition to delivering radiation dose to the hypoxic tumor tissue,

the versatile nanoplatform developed can also be used to load radiosensitizers or chemotherapeutic

drugs to enhance therapeutic effect.

Introduction

Hypoxia in tumor has a negative influence
in clinical management of cancer. Primary reason
for this could be attributed to the resistance
of hypoxic tumor cells to radiation therapy as
well as chemotherapy. Therefore, detection and
quantification of hypoxia in can significantly
improve the clinical management of cancer
through hypoxia directly treatment strategies.
Invasive methods of detecting hypoxia in
tumor have inherent difficulties due to the
heterogeneous nature of hypoxia. Polarographic
electrode is one such probe used for direct
measurement of tissue oxygen concentration
and has long been applied for quantitative
estimation of oxygen tension (pO,) in various
types of cancers lesions in vivo [1]. The technique
requires insertion of probe inside tumor followed
by measurement of current at the electrode
surface due to reduction of oxygen, which is
proportional to the pO2. Though this method
is considered as gold standard, it is limited to
accessible tumors and the invasive procedure
may result in damage to the tumor tissue with
possible change in the local oxygenation status
[2]. In this context, non-invasive techniques

provide better options for obtaining information
on hypoxic status of the tumor, which could be
used for planning hypoxia directed therapeutic
clinical strategies. Optical imaging [3], magnetic
resonance imaging (MRI) [4], and imaging using
radiopharmaceuticals constitute the primary non-
invasive ways for mapping hypoxia in tumor [5].
Among the imaging-based modalities for hypoxia
assessment, use of radiopharmaceuticals is
currently the preferred choice in clinical settings
and has been extensively used for planning
hypoxia directed therapy [6].

Radiopharmaceuticals

Radiopharmaceuticals are radioisotope
tagged molecules that can be safely administered,
either orally or intravenously, in human body
for the purpose of carrying out organ function
evaluation, diagnosis or treatment of a variety of
patho-physiological conditions including cancer.
A very distinctive feature of radiopharmaceuticals
from pharmaceuticals that we use in our day-to-
day life is its use in very low concentrations (10°M
- 10 M) insufficient to elicit any pharmacological
effects. A general radiopharmaceutical design
consists of a molecule that can accumulate in a
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Radiopharmaceutical

Figure 1. Typical design of a radiopharmaceutical

specific organ/tissue or trace the path of various
physiological processes inside the body to which
a radionuclide is chemically attached through a
linker [Figure 1]. The selection of the radionuclide
used in the radiopharmaceutical depends on
the purpose for which the radiopharmaceutical
is designed. Radioisotopes which emit gamma
radiation or positrons are used in diagnostic
radiopharmaceuticals. The highly penetrating
gamma radiations emanating coming out
of the patients body forms the signal for the
detectors in gamma camera to produce images
(also called scans) that show the distribution
of radiopharmaceutical inside the patient. The
positrons generate gamma photons indirectly.
Positrons interact with the electron present in
the surrounding medium and an annihilation
reaction occurs. The annihilation reaction results
in two 511 keV gamma rays emitted in opposite
directions which are detected simultaneously
to construct the image. Single photon emission
tomography (SPECT) and positron emission
tomography (PET) are the two imaging modalities
used in nuclear medicine depending on the type of
emission by the radionuclide. When tagged with
an alpha or beta-emitting radioisotope we obtain
a therapeutic radiopharmaceutical. Therapeutic
radiopharmaceuticals deliver therapeutic dose of
radiation to the tumor site. The high-LET (linear
energy transfer) radiations from the therapeutic
radioisotope cause damage to the cancer cells
by direct or indirect effect, resulting eventually
resulting in the death of the cancer cell.
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Nitroimidazole radiopharmaceuticals for
targeting hypoxia

AAmong various strategies to target tumor
hypoxia, use of hypoxia activated prodrugs
(HAPs) is most common. They are inactive
compounds reduced selectively under hypoxic
conditions by endogenously expressed oxido-
reductases, resulting in the generation of an
active compound. Among the hypoxia responsive
molecules explored till date, 2-nitroimidazoles
(NIs) and azobenzene (AB) derivatives are
the most extensively exploited prodrugs for
developing imaging agents. Nitroimidazoles
undergo enzyme mediated selective reduction
in hypoxic cells to form reactive products that
irreversibly bind to cellular components [7].
Once within the intracellular environment, Nls
undergoes nitroreductase enzyme mediated
single electron reduction into RNO2 radical
anion. This single electron reduction process is
reversible and the radical anion generated in
situ can undergo rapid re-oxidation to original
NI in presence of intracellular oxygen, which has
a higher electron affinity than the nitro group.
After several such oxidation-reduction cycles, NIs
eventually come out of tumor cells having normal
oxygen partial pressure and cleared from the
body. However, in hypoxic cells (pO,<10 mmHg),
absence/very limited availability of molecular
oxygen drives the RNO, radical anion towards
further reduction, eventually leading to covalent

vyporc it

iC ce\\s

R A N’Yro,,ed
(7
/ PR ese
RNO,

Nor™°
RNO;

Nitroreductase J’
JRNO, = RNO; R-NO=0

0,
R-NHOH

Blood Vessel R-NH,
Trapped

< Tumor cross section >

Figure 2. Mechanism of oxygen dependent reduction of
nitroimidazole in hypoxic cells
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binding to intracellular molecules in hypoxic
cells. This mechanism forms the basis for using
NI-based agents for selective targeting of hypoxic
cells [Figure 2]. When radiolabeled with a suitable
gamma emitting/ positron emitting radioisotope,
NI-radiopharmaceuticals can be used to image
spatial distribution of hypoxia in a tumor.

Recently, there has been significant interest
to utilize nanoparticles for hypoxia imaging
applications. Gold nanoparticles are extensively
utilized for targeting cancer, exploiting its passive
intra-tumoral accumulation through enhanced
permeation and retention effect (EPR) as well
as active uptake achieved via fictionalization.
Facile surface chemistry, ease of synthesis,
tunable size, low cytotoxicity and high adsorption
capacity of gold nanoparticles offer effective
tools to tailor pharmacokinetics for targeted
applications [8]. Unique optical properties like
surface plasmon resonance (SPR) has made gold
nanoparticles preferred choice for developing
agents for photothermal imaging, photothermal
therapy and photodynamic therapy for cancer
detection and cure [9]. Additionally, large
surface-to-volume ratio of nanoparticles opens
numerous possibilities from drug/radiosensitizer
loading, surface modification with target specific
biological vectors, tagging radioisotopes, etc.,
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making them a multipurpose platform for
developing targeted systems for drug delivery
or radionuclidic therapy, either individually or
in combination [10].15-2°

”Lu-labeled gold nanoparticle for therapeutic
dose delivery to hypoxic tumors

While mapping hypoxic region in tumor
can help in hypoxia directed external beam
radiation therapy, a prominent question is
whether hypoxic cells can be mitigated by
delivery of therapeutic dose of radiation
through systemic administration of a hypoxia
targeting therapeutic radiopharmaceutical.
Towards this, a ””Lu-labeled, nitroimidazole
decorated gold nanoparticle was envisaged
[Figure 3].

The gold nanoparticle provides the platform
to hold the nitroimidazole moiety which would
provide the hypoxia specificity while the
macrocyclic chelator can be utilized to radiolabel
with trivalent diagnostic radioisotope like
gallium-68 or therapeutic radioisotope such
as lutetium-177. The gold nanoparticle also
provides an option to load radiosensitizers,
chemotherapeutics or fluorescent tags, which
could be used for optical imaging.

Nitroimidazole for oxvgen dependent
reduction and trapping in hypoxic cells

Fluorescent tags for optical imaging or
radiosensitizers/chemotherapeutic drugs for
enhancement in radiotherapy

DOTAGA chelator for radiolabeling
OH with 1‘?‘?Lu= 90V or 65Ga

Oxvgen dependent 7
accumulation of nanoparticles
.o

| Nitroimidazole for oxygen dependent
reduction and trapping in hypoxic cells

Fiqure 3. Conceptual design of nitroimidazole decorated gold nanoparticles for targeting tumor hypoxia
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Synthesis

Various steps involved in the preparation
of DOTAGA-conjugated, 2-nitroimidazole
decorated gold nanoparticles are shown in Figure
4.

For facile attachment of 2-nitroimidazole
to gold nanoparticles, 2-nitroimidazole (2-NIM)
functionalized lipoic acid, NIM-TA (3) was
synthesized by coupling 2-nitroimidazole amine
(2) with lipoic acid [Figure 4(a)]. The 2-NIM
tagged DOTAGA conjugated gold nanoparticles
(DOTAGA-AuNP-2-NIM) were synthesized by
in situ reduction of gold salt (HAuCl,.3H,0) with
sodium borohydride (NaBH,) [Figure 4(b)] in
presence of excess of thiolated ligands, 2-NIM-
TA (3) and DOTAGA-TA. The gold nanoparticles
were purified by centrifugal filtration and
characterized by DLS, UV-Vis spectroscopy,
TEM, FT-IR and 'H NMR spectroscopy. Evidence
for the formation of gold nanoparticles could be
obtained from the presence of typical SPR band
at ~520 nm in UV-Vis spectrum. The DLS analysis
showed DOTAGA-AuNP-2-NIM having effective
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hydrodynamic diameter of 60+1.5 nm [Figure
5 (a)]. The nanoparticles prepared displayed
very low polydispersity index. Zeta potential
of nanoparticles was found to be +20.22 mV
at pH 7, indicating good suspension stability.
The TEM images showed gold nanoparticles of
uniform size, most of the particles in the range of
10-20 nm. Average particle size was 15+1.2 nm.
Cyclic voltammetry of DOTAGA-AuNP-2-NIM
(See ESI)*' showed a peak at -1.21 V due to the
reduction of nitro group in 2-nitroimidazole on
the gold nanoparticle surface [Figure 5(a)], which
closely matched with the first reduction peak in
the cyclic voltammogram of free 2-nitroimidazole
[not shown]. It is pertinent to note the absence of
any reduction peak in the cyclic voltammogram of
DOTAGA-AuNP without 2-NIM without 2-NIM
decoration. This observation provided additional
evidence for the presence of 2-nitroimidazole on
the gold nanoparticle surface.

Lutetium-177 in chloride form ('7LuCl,) is
used for radiolabeling the functionalized gold
nanoparticles. The radiochemical yield (RCY)
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Figure 5. (1) DLS plot of DOTAGA-AuNP-2-NIM and (b) Cyclic voltammogram of
AuNP-DOTAGA and DOTAGA-AuNP-2-NIM

and radiochemical purity (RCP) of [*“Lu]Lu-
DOTAGA-AuNP-2-NIM was determined by size
exclusion HPLC (SE-HPLC) [Figure 6]. Retention
time of ['"Lu]Lu-DOTAGA-AuNP-2-NIM in
HPLC was found to be 13.45+0.60 min [Figure
6(a)], whereas ""LuCl, appeared at 22.19+0.40
min [Figure 6(c)]. From peak area measurements,
RCY of ["Lu]Lu-DOTAGA-AuNP-2-NIM was
found to be above 90%. Bifunctional chelator used
for surface modification of gold nanoparticles,
DOTAGA, was radiolabeled separately for
comparison. The peak corresponding to ["7Lu]
Lu-DOTAGA appeared at 19.89+0.40 min
[Figure 6(b)], distinctly different from the peak
representing radiolabeled gold nanoparticle.

In-vitro studies were carried out in CHO
cells under hypoxic and normoxic conditions
to determine the hypoxia selectivity of [""Lu]
Lu-DOTAGA-AuNP-2-NIM. The uptake of
radiotracer in CHO cells under hypoxic and
normoxic condition is shown in Figure 7 (a) &
(b). The results indicated significant uptake of
radiotracer under hypoxic condition [Fig. 7(a)]
compared to normoxic condition. The hypoxic/
normoxic ratio for ["7Lu]Lu-DOTAGA-AuNP-
2-NIM increased from 7.1 at 2h post-incubation
(p. i) to 9.2 at 4 h p. i. demonstrating excellent
hypoxia selectivity. It is pertinent to note that
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Figure 6. Typical Size exclusion HPLC profiles
(chromatogram) of (a) ['Lu]Lu-DOTAGA-AuNP-2-NIM
(b) [""Lu]Lu-DOTAGA and (c) "’LuCl,

[""Lu]Lu-DOTAGA-AuNP without 2-NIM
decoration showed very low cellular uptake
under hypoxic as well as normoxic conditions
[Fig. 7(b)].

Nitroimidazole mediated hypoxia selective
internalization and accumulation of gold
nanoparticles in CHO cell lines was further
demonstrated using fluorescent nanoparticles,
DOTAGA-AuNP(FITC)-2-NIM, synthesized
following a protocol similar to the preparation
of DOTAGA-AuNP-2-NIM. The fluorescent
nanoparticles were incubated with CHO cells
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Figure 7. (a) Percentage cellular uptake of ['""Lu]Lu-DOTAGA-AuNP-2-NIM and (b) ['""Lu]Lu-DOTAGA-AuNP

(Control) without 2-nitroimidazole moiety

under both hypoxic and normoxic conditions
similar to the study using ["Lu]Lu-DOTAGA-
AuNP-2-NIM mentioned earlier. The cells
acquired and analyzed using flow cytometer 24
h post incubation showed a strong fluorescent
signal shift in the hypoxic group [~74.87% of
cells with mean fluroscence intensity (MFI)
of 3325.83+7.5 (pink)] indicating enhanced
retention of DOTAGA-AuNP(FITC)-2-NIM
under hypoxic condition as compared to
normoxic condition [ ~79.15 % of cells with MFI
of 45.2248.56 (orange)] [Fig. 8] further confirming
the role of 2-nitroimidazole in hypoxia specific
accumulation.
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Figure 8. FITC conjugated gold nanoparticles, DOTAGA-
AuNP(FITC)-2-NIM, in CHO cells under normoxic and
(Orange) and hypoxic (Pink) exposure

Animal studies were conducted following
the protocols approved by the Institutional
Animal Ethics Committee. Biodistribution
studies [""Lu]Lu-DOTAGA-AuNP-2-NIM was
carried out in Swiss mice bearing fibrosarcoma
tumor. fast clearance of the nanoparticles could
be observed from the animal body with ~70 %
of the injected activity excreted within 3 h of
injection. Similar observation was also reported
for gallium-67 labeled bombesin conjugated gold
nanoparticles [3]. Apparently, fast clearance has
adversely affected the uptake and retention of
the radiotracer in tumor. Generally nanoparticles
reach tumor cells by passive diffusion driven
by concentration gradient developed between
blood pool and intracellular environment.
Quick clearance of radiotracer from blood can
reverse the concentration gradient resulting in
poor distribution of the radiotracer in tumor
and limited time available for the radiotracer
undergo oxygen dependent reduction in tumor
cells. However, it is pertinent to note that activity
observed in tumor at 3h post-injection (p. i) is
retained till 72 h p. i. indicating hypoxia specific
reduction of the tracer in hypoxic tumor cells.
Despite having very low uptake in tumor, the
tumor to blood ratio and tumor to muscle ratio
progressively increased with time owing to
clearance of radiotracer from blood as well as
muscles.
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Conclusions

The DOTAGA-AuNP-2-NIM is a potential
hypoxia targeting platform which can be
loaded with fluorescent markers, diagnostic
radioisotopes, radiosensitizers or potent
therapeutic radioisotopes for multimodal
imaging of hypoxia or radiosensitizer enhanced
hypoxia directed internal radiotherapy. Though
the in vitro studies demonstrated excellent
accumulation of [Y’Lu]Lu-DOTAGA-AuNP-2-
NIM nanoparticles in CHO cells under hypoxic
conditions, further improvement is required in
its pharmacokinetics.
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Abstract

Radiation induced techniques for making new materials and for modification of existing materials

to introduce desired properties have received more acceptance these days industrially. Being a

green, clean and easily scalable technique is one of the major benefits of radiation technology. A

lot of fundamental studies have been carried out in the field of radiation chemistry which is the

building blocks for many of the radiation induced industrial processes. In this article emphasis is

laid on the synthesis of biomaterials like silver nanoparticle loaded hydrogels for wound dressing

applications, glycopolymeric hydrogels as well as gel microspheres and electrospun nanofibers

for targeted drug delivery utilizing ionizing radiation.

Introduction

Radiation technology for synthesis of
various polymeric systems have made significant
development, that many of them have reached
industrial application stage [1]. Ionizing radiation
induced processes are used for synthesis of new
polymers and to modify the properties of existing
polymers. New polymeric materials can be
synthesized by radiation induced polymerization,
radiation induced gelation and radiation induced
synthesis of nanoparticles as well as nanogels.

Modification of polymers as per the
requirement can be done efficiently using high
energy radiation like gamma rays, X rays,
electron beams, ion beams etc. Irradiation of
polymers leads to formation of intermediates
which can be in the form of excites state species,
ions and free radicals. These highly reactive
intermediates immediately get used up in the
formation of oxidized products, grafted chains,
crosslinking or chain scission of the polymer
leading to degradation. The dominance of any
particular pathway in which intermediate species
react depend on the nature of the polymer as well
as the pre and post irradiation conditions. These
parameters can be controlled precisely making
modification of polymers feasible by irradiation.

Radiation based techniques have many
advantages over conventional polymerization
processes. Firstly, radiation processing does
not involve use of any catalysts or initiators as
additives. The energy of the incident radiation
is utilized for initializing polymerization via a
free radical pathway. It has been observed that
same number of initiating radicals are produced
during 1rad/s dose rate radiation dose exposure
or chemical initiators like benzoyl peroxide at
0.1M concentration. Radiation induced reaction
initiation have advantages that it is cleaner
because the concentration and purity of chemical
initiators need not be considered, dose rate can
be varied easily, it is a temperature independent
process therefore it requires zero activation
energy for initiation.

Radiation crosslinking is a widely used
technology in wire and cable industry, heat-
shrinkable packaging film production, tubings
and foam production etc [2]. Automobile tyres
are manufactured using radiation crosslinked
rubber strips. Radiation curing is industrially
used for large scale production of surface finished
coatings and inks [3]. Radiation degradation
also finds application in increasing solubility of
certain polymers such as Teflon for use as fillers
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in various applications [4]. Radiation grafting
is yet another technique for modification of
polymers for enormous range of applications. The
production of battery separators from acrylic acid
grafted polyethylene is one of the major examples
of industrial scale radiation grafting.

Radiation induced techniques helps to carry
out on-site manufacturing processes in hard-to
-reach places. In addition, we get a radiation
sterilized product which can be used directly
for bio medical processes. The following are the
disadvantages of radiation induced method of
initiation:

1) Stringent safety requirements in the areas
where ionizing radiation is applied
2) Possibility of occurrence of side reactions in

the presence of ionizing radiation.

These disadvantages can be easily eliminated
by suitable safety engineering and by selection of
optimum polymerization conditions.

Polymers can be classified as radiation
degrading and radiation crosslinking type based
on the stability of polymeric chains to ionizing
radiation [5]. This may sound little oversimplified,
because any advantageous crosslinking process
involves some degree of degradation which we
have to deal with. PTFE is a well-known radiation
degrading type polymer but it can be crosslinked
in molten state at 340°C, under argon atmosphere
at low dose rate [6].

Radical polymerization induced by gamma irradiation

Synthesis of hydrogels by radiation
initiation can be made possible by exposing
vinyl monomers to ionizing radiation in aqueous
media. The radiolysis of water leads to formation
of radicals which initiates the polymerization.
The main reactive species generated in water
upon irradiation are hydroxyl radicals, hydrated
electrons and hydrogen radicals. Hydrated
electron exhibits very weak direct interaction. It
rather interacts with water molecules leading to
generationof ‘H and ‘OH radicals. The ‘H radicals
recombine to give H, gas. The main reactive
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species ‘OH are responsible for polymerization
processes. It abstracts hydrogen from the C-H
bond in polymeric chain leading to formation of
macroradicals (C). These macroradicals crosslink
to form crosslinked hydrogels or polymer [7].

For wound dressing applications, hydrogels
are made with polymers like polyvinylalcohol
(PVA) which are crosslinking in nature.
Introduction of natural polysaccharides into
these hydrogels increases the water retention
capacity of the hydrogels and improves the
flow properties suitable for application on the
wound [8, 9, 10, 11]. Natural polysaccharides as
such are radiation degrading but in combination
with PVA like systems the extent of degradation
is drastically reduced. In this context we have
synthesized antibacterial PVA-gum acacia-based
hydrogel with insitu formed AgNPs, for wound
dressing applications (Figure 1) [12].

Equation 1 and 2 depicts the role of .OH
radicals in crosslinking PVA polymeric chains.

PVA(H) + OH'— PVA" + H,O
2PVA'PVA—PVA (crosslinked polymer) -(2)

Insitu generation of AgNPs in a crosslinked
hydrogel can be explained as follows. Ag* ions
are known to have very high reactivity with both
hydrated electrons (k = 4.8 x 10" dm’ mol's™)
and hydroxyl radicals (k =9.7 x 10? dm * mol”s™).
But the hydroxyl radicals preferentially react
with PVA as shown in equation 2 and hence the
reduction of Ag *ions takes place by the strongly
reducing radicals in the medium i.e hydrated
electron and polymeric radical PVA which was
formed as per equation 2.

nAg" +e, /PVA'>(Ag), (Agclusters)

When we irradiate aqueous solutions
saturated with N,O, the hydrated electrons are
converted to oxidising species i.e hydroxyl radical
as shown in equation 3. These hydroxyl radicals
are utilized to exclusively convert PVA to PVA
radicals which further reduces the Ag* ions.

N,O+e, — OH+N,+OH
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Figure 1: Radiation induced synthesis of AQNPs loaded PV A- gum acacia based hydrogel

The hydrogel was synthesized at a
radiation dose of 32 KGy which not only
crosslinks the system, but also sterilizes and
reduces the silver precursor to AgNPs. The
antibacterial activity against E.colibacteria
indicated that smaller the size of the AgNPs
better is the antibacterial activity (Figure 2).

Glycopolymer gel stabilized N-succinyl chitosan
microsphere for controlled anticancer drug delivery

Controlled anticancer drug delivery is an
important research area inorder to increase the
activity of drug with least toxicity to healthy
cells. Sugar based polymers like glycopolymers
act as drug carriers where the sugar pendants
act as pilot molecules. Sugars play significant
role in cellular biorecognition events thus
facilitating targeted deliver of the drug [13]. It is

well established that sustained release of drug
at the malicious site is more effective for tumor
treatment than the administration of drug in
definite doses at specific intervals.

Keeping these points in mind we have
designed and synthesized a glycopolymer
stabilized N —succinyl chitosan (NSC) gel
microsphere (Glc-gel) which was loaded with
anticancer drug Doxorubicin.The calcium ion
crosslinked NSC microsphere was stabilized
mechanically by irradiating it with the glucose
acrylamide monomer and glucose bisacrylamide
crosslinker in a Co-60 gamma source upto
atotal dose of 1.68 kGy @ 0.75 kGy/h [14,15].
This led to the formation of an interpenetrating
glycopolymeric network in the microsphere
(Figure 3). This was loaded with the drug and

«

Fiqure 2: Antibacterial activity of AGQNPs loaded hydrogel against E.coli bacteria with varying gum acacia concentration.
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further studies were carried out. Also, the cell
cytotoxicity studies using L929 and INT407
cell lines by MTT assay of Glc-acryl, Glc-bis as
well as the Glc-gel did not show any significant
difference between the untreated and treated
samples.These results clearly indicated that Glc-
acryl and Glc-bis as well as Glc-gelwere not toxic
to the cells.
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Figure 3: (A) DOX loaded and unloaded radiation
crosslinked glycopolymeric microsphere (B) Radiation
crosslinked glycopolymeric microspheres in dried and
swollen form (C) Swelling behaviorsof Glc-gel at pHs 3,
5and 7.4.

The DOX encapsulation efficiency (EE)
of the beads was dependent on the degrees of
succinylation in the NSCs. Quantification of the
data revealed that the EEs of the 80% succinylated
and 67% succinylatedGlc-gel beads were 92.7%
and 75% respectively. This suggested that the
mechanism of loading is governed mainly by
the electrostatic interaction between the ~-COO-
groups in the polymer and the NH, group of
DOX.

The DOX loaded microspheres exhibited
pH dependent delivery of the drug in a slow and
sustained manner. About 88% of the loaded drug
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Fiqure 4:DOX release profiles from the loaded NSC/Glc-gel
beadsat pHs 7.4 and 5.

was released over a period of 18 days (Figure 4).
This system finds application in implants or post-
surgical treatment of localized cancer.

Radiation crosslinked electrospun nanofibers

Nanocarriers are well known for anticancer
drug delivery but they have many limitations like
overcoming the mucosal barriers to cancer cells,
lack of specificity, low loading efficiency of drug
etc. Also the intravenously injected nanocarriers
will be inevitably distributed to healthy cells in
addition to cancer cells leads to added toxicity.
These factors make nanocarriers far from clinical
applications [16].

The above mentioned problems can be
solved by utilizing localized drug delivery
which will ensure the required concentration
of drug specifically at the cancer cell site,
provides more residence time for the drug
action and reduced systemic toxicity.Electrospun
nanofibers are excellent drug carriers with high
drug encapsulation efficiency, high specific
area and volume. We have synthesized a core-
shell electrospun nanofiber with drug loaded
polysaccharide as the core and galactosylated
PVA as the shell. Radiation induced crosslinking
was used for making the shell layer keeping the
core layer intact. The nanofibers are being tested
for targeted drug delivery to liver hepatocytes.
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Figure 5: (A) Core shell electrospinning setup (B) Insitu UV-polymerization with electrospinning

The core-shell nanofibres prepared by
coaxial electrospinning (Figure 5) method
facilitates continuous release of drugs from the
nanofibres without any burst release. The core
shell nanofibres not only reduces burst release
of the drug but also protects the drug loaded
core layer. The high cytotoxicity of anticancer
agents during localized drug delivery is reduced
in case of core shell nanofibres compared to
the pristine anticancer drugs like Doxorubicin
(DOX), folic acid, paclitaxel, 5-fluoruracil etc. The
anticancer drugs are incorporated into the core
layer which is composed of hydrophilic polymers
like polyvinyl alcohol (PVA), polyethylene
oxide, gelatine, chitosan and its derivatives.
Chitosan is a natural polymer with many
favourable properties like biocompatibility,
biodegradability, low cost etc. But its application
in drug delivery systems is limited due to its poor
solubility under body fluid conditions. Hence
we have used N-succinylated chitosan (NSC) as
the core layer for loading DOX. NSC with more
than 80% succinylation is easily soluble in body
fluid conditions (pH 7.4) and can be used to load
DOX.HCI electrostatically. The shell layer is a
copolymer of PVA-Glycidylmethacrylate (GMA)
and galactose acrylamide (Gal-acryl), which was
crosslinked by radiation polymerization. The
galactose functionality on the surface is used for
liver specific targeted drug delivery due to its
affinity to asialoglycoprotein receptors (ASGP-R).

13

The loading of DOX was confirmed by the
change in zeta potential of the Gal-PVA@NSC
from -30 mV to 0.1 mV. The DOXis loaded in to
the core N-succinylated chitosan by electrostatic
interaction between NSC and DOX.HCI. The
encapsulation efficiency of DOX was calculated
to be 34.8% at 1:1 ratio of [NF]/[DOX]. DOX
release studies indicate 32% drug release at pH
5 and only 22% drug release at pH 7.4after 10
hours. This further confirms slow and sustained
delivery of the drug with minimum side effects
to the healthy cells than cancer cells.

Conclusion

This article emphasizes on the use of ionizing
radiation as an efficient source of initiation
for polymerization, crosslinking and curing of
materials. It can be used as an alternative to
thermal initiators like peroxides under modest
heating conditions. The thermal activation
of the polymeric chains during conventional
initiation processes can be decoupled during
radiation induced processes thus avoiding the
effect on chain length of formed polymers.
Radiation processing of polymers is a fast,
clean, reliable, reproducible and upscalable
technology. It can find application in industry,
healthcare, agriculture and environment. With
increasing demand for new materials and greener
technologies, radiation-based techniques are
expected to grow further at a faster pace in the
coming years.
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Abstract

Herein, we performed the quantitativeand qualitative analysis of Imiquimod (IMQ), well-known
antiviral and anticancer drug, present in the commercially available cream asimiquad sachet(aldara).
Imiquad cream was first analyzed in water, methanol, and 0.05M NaOH to quantify the IMQ drug
in its multiple conformations. The limit of detection (LOD) and quantitation (LOQ) were measured
using absorption and fluorescence methods. The fluorescence technique (~0.06 pg/mL) is found
to be more sensitive for drug quantification, with alowerLOD than the absorption measurement
(~0.6 ng/mL).Qualitative analysis was performed using the Time-Correlated Single Photon
Counting (TCSPC) technique andmonitored the excited-state properties of the molecule. The
lifetime components of the imiquad creamclosely aligned with the standard IMQ values, confirming
the purity/quality of IMQ.This indicates that the placebo and stabilizers in the formulation did
not interfere with the IMQ drug. Quantification and qualitative analysis are very crucial for any
drug as they are closely linked to patient health and the threat of counterfeit drugs.Therefore, the

methodologies developed here can find potential applications in the pharmaceutical sector.

Introduction

The pharmaceutical analysis is an
important research area to regulate drug
compound identification, strength, quality, and
concentration.'Particularly, quality test analysis
of any drug is vital before evaluating the patient’s
health.?0On the other hand,determination pfthe
quantity of pharmaceuticals can be done using UV
visible spectrophotometry as most drugs have
chromophores in their structure.*Spectroscopy is
most commonly used tool for quantitative analysis
because the measurements involve less expensive
with lower maintenance issues' There are other
robust techniques, such as XRD, chromatography,
etc., available to determine the quantity / quality;
however, UV-VIS spectrophotometry and
spectrofluorometer methods are commonly
available, easier to use, highly reliable, and
highly accurate owing to their ultrasensitive
nature.* °Since numerous pharmaceutical
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substances exhibit fluorescence, they can be
explicitly determined.If the substance is a non-
fluorescentthey can still be quantified using
fluorescence spectrophotometry bysynthesizing
their fluorescent products.’Herein, we have used
combination of steady-state and time-resolved
fluorescence based tools to determine the
quantitative and qualitative analysis of a drug.
For the first time, we used a technique based

P
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=
N

Schemel.Molecular structureof imiquimod (IMQ).
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onthe time-correlated single photon counting
(TCSPC) principle for the qualitative analysis of
drugs.

In the present work onqualitative and
quantitative analysis we have chosen a drug,IMQ
(Scheme 1),with antiviral and antitumor
properties.The mechanism of the drugistoactivate
TLR-8, TLR-7, and toinduce tumor necrosis
factor a (TNF-a), interferon-a (INF-a).”"°The US
Food and Drug Administration (FDA) approved
imiquimod in a 5% formulation, commercially
known as Aldaracream(Imiquad cream), for the
treatment of actinic keratosis, superficial basal
cell carcinoma, external genital warts caused
by HPV, metastatic melanoma, and molluscum
contagiosum in children.""*Photophysical
studies on this IMQ drug remain scarce despite
their potential for skin-based medications, which
are more likely to be exposed to light. Recently,
we have explored the excited-state dynamics
of IMQ in both aqueous solutions, organic
solvents, and its binding interactions with DNA,
providing valuable insights into its photophysical
behavior.”It was observed that the IMQ exists
in different formsin both the ground and excited
states based on the surrounding environment,
such as cation, neutral, tautomer, and anionic
forms depending upon the pH and solvent
of the medium."” ®*IMQ exhibits a unique rise
component in its lifetime at pH > 11 when
measured at an emission wavelength of 425 nm,
implying unique excited-state dynamics."®Such
unique fluorescence properties of the drug
motivated us to use themfor quantity and quality
analysis.However, no such study has been
conducted on the quantitative and qualitative
analysis of IMQ in imiquad creamusing
fluorescence methods, which are more accurate.
IMQ exists as different conformers based on
pH and polarity of the medium. Hence, we
have used methanol, water, and 0.056M NaOH
to analyze the differentconformations of IMQ
drug in a commercially available imiquad sachet.
Fluorescencelifetime feature has been monitored
to evaluate the quality of the drug present in the
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commercially available sachet. Moreover, the
drug quantity in theimiquad sachet is established
using UV-VIS absorption and fluorescence
studies. Fluorescence lifetime-based analysis for
quality assessment of the drug may significantly
enhance the quality control of pharmaceutical
formulations.

Experimental section

IMQ (purity >98%) was bought from TCI
Chemicals and used without further purification.
Imiquad sachets (5% w/w) werepurchased from
Glenmark Pharmaceuticals, Goa. Methanol
(HPLC grade) was sourced from Thermo Fisher
Scientific. Deionized water and NaOH pellets
(>98%, Srichem) were used to make a 0.05M NaOH
solution. The imiquad cream was dissolved in 60
mL of methanol and sonicated for 30 minutes to
make the imiquad cream stock solution. After
sonication, the solution was purified using
Whatman41 filter paper and diluted to 100 mL with
methanol. UV absorption spectra were measured
using a Jasco V-730 spectrophotometer,and
fluorescence emission spectra were measured on
a HORIBAFluoroMax4spectrofluorometer. Time-
resolved fluorescence studies were conducted
using a time-correlated single-photon counting
(TCSPC) technique (Horiba FluoroHub) with an
instrumental response function (IRF) of ~1 ns.
Excitation was achieved using a NanoLED with
a wavelength of 291 nm and a pulse duration
of 1 ns, operating at a repetition rate of 1 MHz.
TCSPC data were analyzed and fitted with the

DAS6 software using a multiexponential decay
model (1).°

f) =Y a;e’/Ti+g(t=0) (1)

Here, f(t) represents the overall fluorescence
decay, with n distinct components. Each
component is indicated by a lifetime t, and its
fractional amplitude a,. The fractional amplitudes
a,+a,* ..., are normalized to 1, andedescribes for
additional noise. A reliable fit was concluded
by monitoring residuals and ensuring a x*value
close to 1.
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Results and discussion

Quantitative analysis of IMQ

To quantify the IMQ in the imiquad cream,
the absorption and emission spectra of standard
IMQ at different concentrations (0.6-1.5 ng/mL)
were analyzed to construct a calibration plot.
Using the calibration procedure, the unknown
concentration of IMQ in an Imiquad cream
was determined based on its absorption and
fluorescence spectra in methanol, water, and
0.05M NaOH, as illustrated in Figure 1. The
characteristic peaks of both the absorption and
emission spectra of standard IMQ in aqueous and
organic solvents are consistent with findings from
our previous work."” ® The IMQ molecule can
exist in neutral, tautomeric, cationic, and anionic
forms, depending on the surrounding medium.
In the case of neutral pH (water), IMQ exists as
cationic, neutral, and tautomeric forms.'” ¥ In
methanol, IMQ predominantly adopts tautomeric
and neutral forms. In contrast, under basic
conditions (0.05 M NaOH), IMQ primarily exists
in the anionic form."” ' The spectral profile of the
IMQ in imiquad sachet cream perfectly matches
with the characteristic features of the standard
IMQ spectra (Figure 1).

Standard calibration curves were plotted
by recording absorption and emission spectra of
standard IMQ at various concentrations (0.60-1.5
pg/ml) in methanol, 0.056M NaOH, and water,
as shown in the inset images of Figure 1. The
calibration method was used to determine the
exact concentration of the IMQ drug present
in the commercialcream. The smallest amount
of analyte in a sample that can be detected is
called the limit of detection (LOD). The limit of
quantification (LOQ) is the smallest amount of
analyte in a sample that can be quantified. LOD
and LOQ were determined using equations (2)
and (3).

LOD = 3.36/S
LOQ = 100/S

2
©)

where Sis the slope of the relevant calibration
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curve, and o is the standard deviation of the
response.”? The recovery percentage was
calculated using the equation (4)

Amount Found %100
Amount Added

% of Recovery = - (4)

The recovery analysis of the IMQ using
the spectrophotometric and spectrofluorometer
methods, as shown in Table 1, gives the
determination coefficient (R?) values in methanol,
water, and 0.05M NaOH, respectively. R?
values ~1 indicate a good relationship between
concentrations of IMQ and respective absorbance
and fluorescence emission. The recovery
percentage (equation 3) of the drug from the
sachet was calculated (Table 1) in methanol,
water, and 0.05 M NaOH within the allowed 15%
limit by International Council of Harmonization
(ICH) guidelines.?

The limit of detection (LOD) and
quantification (LOQ) values were calculated
(equations 1 & 2) using absorbance and
fluorescence intensity, as shown in Table 2.The
LOD values from absorbance are0.153 pg/ml,
0.756 pg/ml, and 0.537 pg/ml in methanol, water,
and 0.05M NaOH, respectively. On the other hand,
the limit of detection values from fluorescence
were calculated to be 0.063 ng/ml, 0.067 pg/
ml, 0.065 pg/ml, and 0.056 pg/ml in methanol,
water, and 0.05M NaOH at 350 nm and 425 nm,
respectively.Bycomparingboth methods, the
spectrofluorometric technique returned values 10
times lower, highlighting its superior sensitivity
over the spectrophotometric method. The LOQ
values from the spectrophotometric method were
0.463 pg/ml, 2.293 pg/ml, and 1.628 pg/ml in
methanol, water, and 0.05M NaOH, respectively.
In comparison, the spectrofluorometric method
demonstrated significantly lower LOQ values
of 0.191 pg/ml, 0.204 pg/ml, 0.198 pg/ml, and
0.171 pg/ml in methanol, water, and 0.05M
NaOH at 350 nm and 425 nm, respectively.
The LOQ values werealso lower in emission
spectra than absorption spectra, indicating the
method's superior sensitivity.The LOD and
LOQ values are low in methanol due to the high
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Figure 1.Absorption spectra of IMQ in (a) methanol, (c) water, and (e) 0.05M NaOH. Emission spectra of IMQ in (b)
methanol, (d) water, and (f) 0.05M NaOH. The inset figure shows their corresponding linearity graph (0.60 to 1.60 mg/ml).
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Table 1. Recovery measurements of IMQ from the sachet using absorbance and fluorescence

methods.
Solvent Slope | Intercept c R? R Vo
ecovery
Absorbance at 245 | Methanol 0.236 -0.007 0.0115 | 0.998 109 £ 5
nm Water 0.143 -0.048 | 0325 | 0990 | 116+7
0.05M NaOH | 0.216 -0.056 | 0.0353| 0.987 | 97+10
Emission at 350 nm | Methanol 1.327 -0.005 0.0253 | 0.990 106 +5
Water 1.357 -0.16 0.0277 | 0.990 97 +7
0.05M NaOH 0.724 -0.01 0.0144 | 0997 | 107+10
Z'ZOSSIDmeaOH ! 0.694 0.004 | 00199 | 0998 | 112+10

o: Standard deviation of the residuals, R% Determination coefficient.

Table 2. Limit of detection and limit
of quantification values of IMQ using
absorbance and fluorescence method

LOD LOQ
Solvents (mg/ml) | (mg/ml)

Methanol 0.153 0.463

Absorbance Water 0.756 2.293
at 245 nm 0.056M

NaOL 0.537 1.628

Methanol 0.063 0.191

Water 0.067 0.204

Emission at 0.05M 0.065 0.198
NaOH

350 nm

0.05M

NaOH at 0.056 0.171
425 nm

LOD: Limit of Detection, LOQ: Limit of Quantification.

solubility of IMQ. Moreover, excipients in the
pharmaceutical formulations were not involved in
the measurements of IMQ contents, as evidenced
by a high agreement between drug levels obtained
using different procedures. Comparing the
recovery analysis by two spectroscopic methods,
one can see no significant difference in the recovery
percentage.Either of thesemethodscan be used to
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analyze the IMQ quantitatively.Conversely, the
spectrofluorometric method exhibited lower
LOD and LOQ values, underscoring its enhanced
sensitivity compared to the spectrophotometer.

Qualitative analysis of IMQ

A time-resolved approach may distinguish
several emissive species in a given system, and
at the same time, the excited-state properties
of molecules can be examined.*Time-resolved
emission decay profiles of IMQ in standard
form and the imiquadcreamwerecollected at
350 nm and 425 nm to understand the excited
state dynamics in methanol, water, and the basic
solution(Figure 2).In methanol, a two-component
system with ~2.0 ns having less percentage
and a second component with ~4.0 ns at a
higher percentage wasobserved (Table 3). The
emission decays obtained in water with lifetime
components of 1.6 ns and 4.0 ns also match
the standard IMQ and the commercialcream.
IMQ in 0.05M NaOHexhibits the emission
peak at a longer wavelength of 425 nm (Figure
1f). The corresponding fluorescence lifetime
measurements reveal two-lifetime values; a rising
negative amplitude component with a lifetime of
1.9ns and a decaying component with a lifetime
of 8.2 ns(Table 3). Lifetime profiles for imiquad
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sachet creamand standard IMQ also showed
similar lifetime components with a negative
component of 1.9 ns and the other is decaying
with 8.3 ns. In excited state reactions, this type of
negative component is generally called a rising
component and isobserved because of ESPT
reactions.' #*The rising component observed
in both the standard formand thecream is due
to the anionic species of IMQ formed by excited-
stateproton transfer (ESPT) from the amine
group present in the quinoline ring to the base.'®
Therefore, the rising component of the IMQ
incream matches well with thecomponent of the
standard IMQ drug (Figure 2).

The congruence of lifetime components
between IMQ in cream and standard form

Vol. 36, Issue Number 3 & 4
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suggests that the pharmaceutical formulation is
unaffected by the placebo or stabilizers, which
are commonly included to stabilize the drug
without introducing any interference.It is a
known fact that ESPT is highly sensitive to the
surrounding environment; hence, this kind of
unique photophysics could be an advantage
for performing the quality test of a drug. In
this study, IMQ in the creamshows the ESPT,
confirming that the drug remains active in
sachet. Therefore, we can analyze the quality
by monitoring the lifetime studies of the drug
molecule. This approach of TCSPC can be
further used to detect the active form of the
drugs in the quality control department during
pharmaceutical formulations.

10000
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S ' —@— IMQ cream sachet
< 10004
=
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30 40 50
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Figure 2: Time-resolved fluorescence transients of IMQ in (a) methanol at 350 nm, (b) water at 350 nm, (c) 0.05M NaOH
at 350 nm, and (d) 0.05M NaOH at 425 nm.Excitation wavelength at 290 nm.
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Table 3. Fluorescence lifetime components of IMQin standard form and incream.

Solvents A, (nm) t, (ns) a, t, (ns) a, t_ (ns) c?
Methanol-S’ 350 2 0.13 3.9 0.87 3.65 1.1
Methanol-C* 350 2 0.11 3.8 0.89 3.6 1.1
Water-S’ 350 1.6 0.83 4.05 0.17 2.01 1.0
Water-C* 350 1.6 0.80 4.0 0.20 2.08 1.0
0.05M NaOH-S* 350 1.73 0.65 2.59 0.35 1.95 1.2
425 1.93 -0.27 8.16 1.27 5.27 1.1
0.05M NaOH-C* 350 1.74 0.80 3.04 0.20 1.91 1.1
425 1.90 -0.25 8.26 1.25 5.31 1.0
S": IMQ standard form, C*: Imiquad cream sachet form
Conclusions Acknowledgement

We havedetermined the qualitative and
quantitative analysis of the IMQ inimiquad
cream.Recovery experiments have shown that
the suggested procedures are accurate, with
a high percentage of drug recovered (80-120
percent).”The recovery studies showed some
variation between the spectrofluorometricand
spectrophotometric methods, but all results
were within the permissible range. The
spectrofluorometric method exhibited a greater
sensitivity than the spectrophotometric method
for quantitative analysis, as evidenced by
both LOD and LOQ values. To the best of
our knowledge, this is the first qualitative
analysis of IMQ using the TCSPC technique. The
fluorescence lifetime values of IMQ in imiquad
sachet perfectly align with those of standard IMQ
across all selected media. A rising component
of lifetime values, attributed to ESPT processes,
was observed in both the standard IMQ and
imiquad cream, confirming the presence of the
active form of IMQ in the formulation. This study
reveals the effective use of fluorescence lifetime
measurements for evaluating drug quality,
offering a robust spectroscopic approach to
simplify the quantitative and qualitative analysis
of other commercial drugs.
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Abstract

Conformational motion in the excited state of fluorophores critically governs photophysical
properties and find various applications in sensing and imaging of microscopic viscosity of
complex chemical and biological media. Development of viscosity sensitive ultrafast molecular
rotor (UMR) probes relies upon the understanding of the excited state dynamics and their
implications to viscosity dependent fluorescence signaling. Thus, unraveling controlling parameters
of photoinduced molecular motion in UMR is essential for optimization of rotor efficiency. In
this article, we summarize the photoinduced charge transfer mediated ultrafast conformational
relaxation dynamics in a series of donor-acceptor (D-A) based molecular systems to decipher the
role of charge transfer and ground state conformation on ultrafast torsional relaxation dynamics.
Our systematic studies revealed that by varying the donor-acceptor strength and conjugation length
ultrafast relaxation dynamics of D-A based fluorophores can be fine tuned. Similarly, in a given
D-A system, ground state conformation crucially decide speed of conformational motion in excited
state which conspicuously correlate to viscosity sensing efficiency. Exquisite sensitivity of ultrafast
excited motion on extent of charge transfer and molecular conformation also led us to induce and
control ultrafast molecular motion by selective protonation of acceptor site of a bichromophoric
UMR. Based on the experimental findings, we summarize the current understanding of excited state
conformational dynamics of UMR probes and their relevance toward development of fluorogenic

December, 2024

biosensors.

1. Introduction

Conformational relaxation in excited
electronic states of organic dyes governs
photophysical properties and plays crucial role
in molecular sensing and various optoelectronic
application.’” Real time capturing of dynamical
events associated to geometrical relaxation in
photoinduced excited state of organic light
absorbing chromophores provides molecular
level insight on structure-property relation
in chemical dynamics. Photoinduced large
amplitude conformational relaxation in molecular
excited state is popularly termed as ultrafast
molecular rotor (UMR) and provides important
information about rigidity and microscopic
viscosity by virtue of their viscosity dependence
fluorescence signaling. Ultrafast torsion around

23

a single or double bond introduces efficient
nonradiative deactivation in nonviscous
medium resulting weak emission. Depending
on the rigidity offered by the surrounding
environment, nonradiative torsional motion gets
proportionately restricted, rendering fluorescence
intensity enhancement and lifetime lengthening.
Thus mapping fluorescence intensity and lifetime
of a molecular rotor provides direct information
about the rigidity of heterogeneous chemical,
biological and biomimetic environments.
The excellent fluorescence sensitivity of the
molecular rotor is due to occurrence of ultrafast
nonradiative torsion induced emission quenching
in nonviscous medium and different degree of
inhibition of the nonradiative process depending
on surrounding viscosity.*® To develop an
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efficient viscosity sensor, it is necessary to
underpin the influencing factors which govern
torsional speed of a molecular rotor.

The ability to control the nonradiative
torsional relaxation rate in a molecular system
in a desired manner is the key to optimize the
sensor efficiency. A priori assessment of the
factors governing the rate of torsional motion
is a prerequisite and tailoring the molecular
rotor property is critical to develop efficient
fluorescence sensor and imaging agents for
complex chemical fluids, bio-macromolecules and
cells. A molecular level understanding of how the
torsional relaxation depends on the ground state
conformation and finding a structure function
relationship of excited state torsional relaxation
is desirable to develop better sensors based on
UMR principle. In essence, unraveling factors
governing molecular motion in excited state is of
great significance for fundamental photoinduced
chemical dynamics and applied aspects of light
driven molecular devices.

In this article, we summarize our recent
understanding on how molecular parameters can
be favorably tuned to optimize UMR property.
We show that the molecular rotor property can
systematically be tuned by varying the donor-
acceptor strength and by controlling the torsional
angle between the two rotating segments of
the molecular rotor.®™ These two parameters
crucially decide the shape of excited state PES
on which excited state conformation evolves and
consequently govern UMR efficiency.

2. Results and Discussion

2.1 Effect of donor acceptor conjugation on
torsional dynamics:

Significant effect of conjugation length
between the electron donor and acceptor groups
in intramolecular charge transfer (ICT) dynamics
has been demonstrated by comparing the
photophysical properties of two isomeric N,N-
dimethylaminochalcone derivatives (namely,
Chalcone-A and Chalcone-B) (Figure 1).° In
case of Chalcone-B, the distance between the

Vol. 36, Issue Number 3 & 4
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donor (N,N-dimethylaniline) and the acceptor
(carbonyl) groups is larger by one ethylene unit
as compared to Chalocne-A. The excited singlet
(S,) states of both the isomers have strong ICT
character but their photophysical properties
are remarkably different. In polar solvents,
fluorescence quantum yields of chalcone-A are
more than two orders of magnitude lower than
those of Chalcone-B. Similarly lifetimes of the
S, state of Chalcone-A is much shorter (only
a few picoseconds) as compared to long lived
chaclone-B excited state (several nanoseconds,
Figure 1a,b). Remarkable differences in the
photophysical properties of these two isomers
arise due to occurrence of the ultrafast twisting
of the N,N-dimethylaniline (DMA) group (or the
TICT process) during the course of deactivation of
the S, state of the Chalcone-A molecule which has
been clearly characterized by ultrafast transient
absorption spectroscopic studies(Figure 1c,d).
Femtosecond transient absorption experiment
revealed that in polar solvents, chalconeA
undergoes ultrafast torsion of dimethylaniline
unit within 1-2 ps timescale to a nonemissive
twisted state followed by internal conversion to
ground state within 10 ps. In case of Chalcone-B,
nonradiative torsional relaxation is not registered
in ultrafast transient absorption experiment (data
not shown) which is attributed to larger energy
barrier along the twisting coordinate(s). Torsional
relaxation in Chalcone-B is not feasible due to
stabilization of planar ICT state which makes
it emissive and long lived. Large differences in
the photophysical properties of the S, states of
these two molecules is attributed to differences
in coupling strength between the donor and
acceptor groups. In DMAC-A molecule, this
coupling is relatively stronger because of
shorter distance between these groups. TDDFT
calculations of S, state potential energy scan along
donor acceptor torsion supports experimental
observation showing barrierless PES in case of
Chalcone-A as compared to significant barrier
for Chalcone-B. Bond responsible for trosional
dynamics of Chalcone-A was experimentally
conformed by comparing photophysics with a
structurally locked molecular analogue.’



ISRAPS Bulletin Vol. 36, Issue Number 3 & 4 December, 2024
i P « i 30+ Dil-azéi.:]se 2 (c)r * :{::sr;;nl;.s(w.r (a)
wo JO ) ShA® 13(08),
5CS HiC 6.0(-0.36)

N N
¢ Chalcone-A & Chalcone-B

Ethylacetate
Acetone

Acetonitrile
Dimethyl sulfoxide

@l,,

2
Time (ns)

5 10
Time (ps)

0
4 A
s 0 e
2 0‘ -4 1 (ps)=0.2(-0.84),
. gl b 1.35(+.65),
—=3.0 g 6.0(-0.15)
5.0
—o—10.0 24
] ——200 900 nm:
A . 11| « (ps)=0.4(-0.49),
i 1.3(+0.62),
6.0(-0.37)

500 600 700 800 900 0 5_ 10 20
Wavelength (nm) Time (ps)

Figure 1: Transient fluorescence decay kinetics of (a) Chalocne-A and (b)Chalcone-B and (c,d) ultrafast transient spectral
dynamics of Chalcone-A in acetonitrile. Adapted from ref. 6 (Copyright ACS publication)
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Figure 2. (A) Ultrafast transient emission decay traces of Chalcone-A derivatives in acetonitrile measured by fluorescence-

upconversion (A, = 390 nm,

em

A = 600 nm). Time constants in picosecond and relative amplitudes (in bracket) are also

shown in the inset. (b) Schematic potential energy curve of the S, surfaceas a function of torsion angle (@) around the single
bond connecting dimethylaniline and carbonyl groups. Barrier along the TICT coordinate in the S, surface decreases with
increase in the acceptor strength leading to increase in the twisting rate. Adapted from ref. 8 (Copyright RSC publication)

2.2. Controlling ultrafast torsional rate

by varying acceptor strength: Case of
Dimethylaminochalcone derivatives with
different acceptor group:

As described in preceding section, facilitated
by short conjugation, strong electronic coupling
between donor and acceptor units is essential for
imparting ultrafast torsional motion in charge
transfer fluorophore. To further control the
ultrafast molecular motion, one can fine tune the
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relative strength of the donor and acceptor groups
which can modulate intramolecular charge
transfer character of the excited state modifying
the shape of the potential energy surface. To
demonstrate the role of acceptor strength on
the ultrafast twisting relaxation dynamics, we

synthesized a series of Chalcone-A derivatives
with various functional groups attached to the
acceptor site (Figure2).® Employing femtosecond
resolved transient absorption and fluorescence
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experiments, twisted intramolecular charge
transfer (TICT) relaxation rate of the Chaclone-A
derivatives is shown to vary from 2.1 picosecond
in weak electron accepting system to about
400 femtosecond in strong electron accepting
system (Figure 2a). Increase in acceptor strength,
empirically expressed as Hammett's constant, is
shown to linearly increase TICT relaxation rate.
Based on the experimental results, we propose
that variation in charge pulling capacity of the
acceptor modifies the torsional barrier along the
TICT coordinate in the S, state, leading to tunable
TICT relaxation rate (Figure 2b). Increase in
acceptor strength systematically modulates the
TICT coordinate from weak barrier crossing to
completely barrierless resulting in acceleration
of ultrafast twisting relaxation rate.® Systematic
tuning of TICT relaxation by varying acceptor
strength shown in the present study may be of
fundamental importance to design molecules
with ultrafast photoinduced charge separation
for photovoltaic applications.

2.3 Conformational Control of Ultrafast
Molecular Rotor Property: Tuning Viscosity
Sensing Efficiency by Twist Angle Variation

Synthesis, photophysics and ultrafast
spectroscopic experiments in conjunction
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Figure 3: Transient emission decay kinetics of three DABIs
in acetonitrile measured by fluorescence up-conversion
method. A, =390 nm, A, =430 nm. Solid line s the fit to
the experimental data convoluted with instrument response
function. Inset shows the structure of the molecules.

Adapted from ref. 9 (Copyright ACS publication)
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inset. Reproduced from ref. 9 (Copyright ACS publication)



ISRAPS Bulletin

with quantum chemical calculation of a series
of UMRs based on dimethylaniline donor
and benzimidazolium acceptor (DABI) with
predefined ground state torsion angle were
carried out which led us to unravel influence
of ground state equilibrium conformation on
ultrafast twisting dynamics of the UMRs and
consequent viscosity sensing efficiency.’ By
leveraging the steric influence of hydrogen versus
methyl groups, ground state conformation of
the three DABIs were varied from near planar
(DABI1, 2°) to highly twisted one ((DABI3, 53°).
Ultrafast transient emission measurement shows
that excited state relaxation gets faster as we
move from planar to twisted derivative (Figure 3).

Femtosecond resolved transient absorption
measurement showed that for all DABI
derivatives, the excited state evolution takes place
via the twisted conformation.? However, the rate
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of twisting time systematically increases from
DABI1 to DABI3 (Figure 4). Viscosity dependent
fluorescence lifetime measurement confirmed the
molecular rotor behavior of the three systems
and Conformation-controlled UMR efficiency
has been shown to exhibit commensurate
fluorescence enhancement upon DNA binding
(Figureb). In essence, ultrafast torsional dynamics
around the bond connecting donor and acceptor
groups is shown to profoundly influence the
molecular rotor efficiency.’

2.4. Protonation induced ultrafast torsional
dynamics in 9-anthrylbenzimidazole : An
acitvatable molecular rotor by protonation:

As described in previous three sections, a
systmatic approach led us to understand that
short conjugation, strong acceptor strength
and pretwisted cnformation in ground state

A 1mM DNA B 1mM DNA
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Figure 5. Change in fluorescence intensity of DABIs upon addition of upto 1 mM calf thymus DNA in aqueous solution.
(A) DABI-1, (B) DABI-2 and (C) DABI-3. Experiments were performed at pH 4.5 (D) Comparison of fluorescence
enhancement factor (FEF) of three DABIs upon DNA binding. Reproduced from ref. 9 (Copyright ACS publication)
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Figure 6: (1) Chemical structure and (b) fluorescence spectra of neutral and protonated ANBI, (c) Transient spectral
dynamics of protonated ANBI. Reproduced from ref. 10 (Copyright ACS publication)

helps photoinduced molecuar rotor properties.
With these favourable parameters in mind, we
set out to explore if we can induce molecular
rotor properiy in a given molecular system. In
this direction, we designed a bichromophoric
molecular system consisting of anthracene and
benzimidazole (ANBI, Figure 6a). Weak electron
accepting properties of benzimidazole does not
alter photophysical properits of anthracene in
neutral state. However, protonable site available
in benzimidazole (BI) makes it anemable to easy
protonation which leads to enhanced charge
transfer charcter in the system. As shown in
figure 6a and b, protonation led to remarkable
change in photophysical properties of ANBI.
Femtosecond transinet absorption measurement
displayed in figure6c, shows that S, state of
protonated ANBI deactivates through a twisted
intermediate populated with a lifetime of ~6 ps,
followed by internal conversion to ground state
with a lifetime of ~20 ps. This is in sharp contrast
to highly emissive and long lived excited state of
neutral ANBL"
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In commensurate with the ultrafast results,
emission behaviour of protonated ANBI in
methanol-glycerol mixture shows high sensitivity
to solvent viscosity (Figure 7). Both emission
intensity and emission lifetime of protonated
ANBI shows systematic increase with solvent
viscosity. Log-log plot of emission intensity or
emission lifetime exhibit linear correlation in large
viscosity range. In contrast, emission properties of
neutral ANBIis completely insensitive to solvent
viscosity. Thus, protonation induced torsional
dynamics is shown to selectively activate
moleuclar rotor behaviour in ANBI which can be
used as pH activated viscosity sensor.

2.5. Dynamic Planarization Driven
Delocalization and Protonation Induced
Twisting Dynamics in Anthryl-9-
benzothiazole:

When compared to structure of Anthryl-
9-benzimidazole (ANBI) described in previous
section, Benzothiazole derivative of anthracene
(namely ANBT) is more twisted as compared
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to anthryl and BI units in ANBI, due to greater
steric hindrance imparted by bigger sulphur
atom.' Moreover, greater charge pulling capacity
of benzothiazole can induce higher charge
transfer in ANBT as compared to ANBI. These
two factors together influence excited state

dynamics of neutral ANBT. Ultrafast transient
absorption of neutral ANBT in acetonitrile shows
an ultrafast evolution of excited state absorption
and stimulated emission in a few picosecond
timescale (Figure8). Stimulated emission and
ESA signal at early timescale evolves to a new
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ESA and long lived stimulated emission. This
early time dynamics shows linear correlation
with solvent viscosity and thus attributed to
conformational relaxation. Quantum chemical
calculation revealed that in excited state, AN
and BT unit conformationally moves towards
more planar configuration to stabilize the S, state.
Conformational planarization in the excited state
of ANBT renders largely Stokes shifted bright
emission.

On protonation of the BT unit, low energy
charge transfer state is activated, as reflected by
a prominent shoulder in absorption spectrum.
Protonation remarkably affect the emission
strength of the molecule. More than 300 fold
quenching occurs due to protonation suggesting
ultrafast nonradiative deactivation promoted by
protonation (Figure 9a). Transient fluorescence
of protonated ANBT reveal lifetime of around
5 ps as compared to 4 ns lifetime of neutral
ANBT (Inset of Figure 9b). Femotsecond
transient absorption measurement clearly shows
that emissive LE state populated within 1 ps
timescale gets deactivated to a non-emissive state
characterized by strong excited state absorption at
500 nm (Figure 9¢). Detailed analysis of transient
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absorption data and TDDEFT calculation show
that ultrafast nonradiative decay of protonated
ANBT is associated with twisting relaxation to a
perpendicular geometry." Thus, while neutral
ANBT undergoes ultrafast planarized motion
to a highly emissive excited state, protonation
triggers intramolecular charge transfer which
facilitate perpendicular twisting of the donor and
acceptor group. Spectroscopic behavior of ANBI
and ANBT together allowed us to demonstrate
that protonation can be utilized to induce
torsional motion of D-A based bichromophric
fluorophores.

3. Conclusion:

In summary, we show that ultrafast excited
state torsional dynamics in D-A fluorophores
can be controlled by optimizing electronic and
structural parameters. In a given type of donor-
acceptor molecules, extended conjugation
favours planar emissive state while short
conjugation facilitate strong electronic coupling
required for twisting induced charge transfer
relaxation. Chemically tailored molecular systems
with fine tuned acceptor strength can allow
timescale of torsional motion to be controlled
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in picosecond and femtosecond timescale. As
large amplitude torsional motion in excited
state is critically dependent of initial Franck-
Condon geometry, pre-twisted ground state
conformation facilitate faster molecular motion
in excited state, enabling more efficient molecular
rotor properties. Dimtehylanilino-Benzimidazole
derivative (DABI) with pre-defined ground
state conformation allowed us to demonstrate

correlation of initial twisting with molecular rotor
efficiency. Fine tuning of charge transfer and
consequent torsional relaxation was exemplified
in benzimidazole and benzthizaole derivative of
anthracene (ANBI and ANBT) where molecular
rotor properties could be triggered by protonation
as an external stimulus. In absence of significant
intramolecular charge transfer, conformational
planarization dynamics in neutral AnBT was

shown to be diffusion controlled as revealed from
viscosity dependence of picosecond relaxation
component. Protonation of BT switches on
picosecond nonradiative relaxation to a dark
intermediate state by mutual twisting of AN
and BT units. Protonation switches the direction
of conformational motion from planarization to
perpendicular direction. Protonation induced
alteration of excited state conformational
motion and consequent effect on photophysical
parameters is shown to activate viscosity sensing
selectively in acidic environment. These results
may have further implication in molecular motor
and molecular switching applications.
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Energetics of the Isolated Biorelevant Molecular Complexes
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Abstract

In this article, we summarize a novel and robust method developed in our laboratory to probe a
reaction by measuring the associated energy barriers of a reaction involving bio molecules and
their solvent complexes. The studied systems were the 1:1 complexes of 2,2"-pyridylbenzimidazole
(PBI) with H,O, D,0, NH, and CH,OH, produced in a supersonic jet and characterized using
two-color resonant two-photon ionization (2C-R2PI) technique. The ESPT energy barriers in
case of PBI-H,0O and PBI-CH,OH were measured to be 431+10 cm”and 410+20 cm™, respectively,
which were further verified using UV-UV hole-burning spectroscopy and kinetic isotopic effect.
The isotopic substitution of the tunnelling-proton in PBI-D,O and PBI-CH,OD revealed the exact
reaction pathway to be a solvent-to-chromophore proton transfer reaction. The energy barriers
were measured to be >1000 cm™ in PBI-D,O and PBI-CH,OD complex, which were significantly
elevated due to the lowering of zero-point energy because of heavy atom insertion in the excited
state. This inferred that the solvent-to-chromophore proton tunnelling was found to decrease
drastically upon deuterium substitution. The above was further validated by increasing the width
of theproton-transfer barrier in PBI-NH, complex, which was measured to be >868 cm™. Herein, the
solvent molecule formed a stronger hydrogen bond with the acidic (PBI)N-H group which led to a
weaker hydrogen bond interactionbetween ammonia and thepyridyl-N atom. This subtle change
increased the solvent to chromophore proton-transfer barrier. The experimental investigations were
further supplemented by computational investigations which provided a conclusive evidence of
a novel deactivation pathway in the N-H bearing bio relevant systems.

Keywords: Laser spectroscopy, Gas phase complexes, Energy barriers, Excited state proton transfer,
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Noncovalent interactions

1. Introduction

The excited-state proton and hydrogen
atom transfer are considered as the key
reactions associated to the proto-protection and
photo-mutation processes in biomolecules.?
Several investigations have revealed that the
biomolecules undergo efficient excited-state
deactivation through rapid non-radiative decay
pathways.*Over the past two decades, excited-
state proton (ESPT) and hydrogen (ESHT)
transfer processes have been widely studied in
the gasphase molecular complexes using various
laser spectroscopic techniques.'*'” For an efficient
excited state hydrogen/proton transfer reaction
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to occur, the molecule must have a hydrogen/
proton donor as well as acceptor groups. The
N-H and O-H containing molecules such as
azaindoles, 1-naphthol, hydroxyquinolines and
phenol have demonstrated increased photo-
acidity upon UV excitation. Therefore, such
systems were frequently utilized to carry out both
energy-resolved and time-resolved excited state
investigations.'*!*?! Previous ESPT and ESHT
studies on the gas phase ammonia complexes of
phenol and 1-naphthol reported the directional
nature of proton transfer. In the reaction, the
proton is transferred from the chromophore to
the solvent molecule followed by deactivation
via internal conversion. #5202
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In the current study, we have employed
the various micro-solvated complexes of PBI
(2,2'-pyridylbenzimidazole) to explore the
exact reaction pathways and other crucial
factors governing the excited state processes.
The PBI molecule is widely known to undergo
excited state proton transfer in the aqueous
solution.?? The PBI molecule possesses a
benzimidazole N-H group connected to a N
containing pyridinering via a single C-C bond.
The proximity of both the groups makes it a
suitable candidate for investigating the excited
state processes, utilizing the solvents connected
via a cyclic hydrogen bonded network.” The
molecule exhibits widespread bioactivity due
to the presence of a benzimidazole moiety.***
Additionally, it is considered as a potential
photocatalyst in water splitting due to the basic
nature of pyridine ring.” The present study
provides compelling evidence of the novel
solvent-to-chromophore proton transfer pathway
which lead to the deactivation of the excited
complex in biomolecules. Overall, the current
work offers a fresh and unique perspective on
the deactivation mechanisms of photo-excited
N-containing biorelevant molecules.

2. Methods

The binary complexes of PBI-H,O, PBI-
D,O, PBI-CH,OH, PBI-CH,OD and PBI-NH,
were produced using the supersonic jet-cooled
conditions in a differentially pumped molecular
beam machine. The sample (PBI) was heated to
393 K to obtain a sufficient vapour pressure and
was co-expanded with the vapours of H O/D,0/
NH,/CH,OH/CH,OD seeded in 2 bar of He
in the vacuum. The details of the experimental
setup are discussed elsewhere.”” The complexes
were characterised using two-color resonant
two-photon ionization (R2PI) and UV-UV hole-
burning (HB) spectroscopic techniques. In R2PI
technique, the jet-cooled molecular complexes
were electronically excited using the frequency-
doubled output of a tunable dye laser which was
pumped by the second harmonic of an Nd:YAG
laser. The 4" harmonic (266 nm) of the same

Vol. 36, Issue Number 3 & 4

33

December, 2024

Nd:YAG laser was used for ionization to avoid
any pulse-to-pulse temporal jitter.

To record the hole-burning spectra, a third
hole-burning (HB) laser obtained from the second
harmonic output of a dye laser pumped by a
second Nd:YAG laser, was introduced 200 ns
prior to the excitation laser. The HB laser was
scanned while the excitation laser was fixed at the
S,«-S electronic origin of the complex and a dip
in the R2PI signal was obtained at each resonant
transition due to HB laser, as it depopulates the
ground state irrespective of the lifetime of the
final excited vibrational state. The HB spectrum
can thus measure the vibrational frequencies
of the S, state irrespective of the lifetime of the
higher vibrational levels in the excited state. All
the experiments were performed with an ~0.2
m] perpulse of UV laser power and a beam size
of ~2 mm.

The calculations involving the ground
and excited-state geometry optimizations were
carried out using the dispersion corrected density
functional theory (DFT-D4) method with the
B3LYP density functional and the polarization
functional def2-TZVPP/def2-TZVP basis set. The
calculated structures were further verified using
subsequent frequency calculations.The initial
structures of the PBI-S complexes were generated
by placing the respective solvent (S) molecule
around PBI such that it formed a hydrogen-
bonded wire between the pyridine N and the
benzimidazole N-H groups. The proton transfer
(PT) state of the PBI-S complex was generated
by adding a OH" (for the PBI-H,O complex),
CH,O (for the PBI-CH,OH and NH, (for the
PBI-NH, complex) to the protonated PBI cation
(PBIH"), forming a hydrogen-bond between the
N-H groups. All the calculations were performed
using the TURBOMOLE program.*

3 Results and Discussion

3.1 Electronic spectra of PBI-S complexes

Figure 1 depicts the two-color resonant two-
photon ionization (R2PI) spectra of PBI (trace
(a)), PBI-H,O (trace (b)), PBI-D,O (trace (d)), and
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F1gure 1.2 C-R2PI spectra of the S,«—S band systems of
PBI 05 (a), PBI-H,O (b), PBI-D,0 (d) and PBI-NH, (e).

Trace (c)and(f) represent the hole—burnmg spectra of the
PBI-H,O and PBI-NH, complexes.

PBI-NH,(trace (e)), respectively. The band origins
for the S «S transitions in PBI, PBI-H,0, PBI-
D,O, and PBI-NH, systems are obtained at 30611,
30544, 30550, and 30872 cm-1, respectively.*2
which are significantly red-shifted by 1067, 1061,
and 739cm?, respectively, upon complexation.
The band origin positions of the PBI-S complexes
are highly sensitive to the docking preferences
of the admolecules. The substantial red shifts
in case of all the solvent complexes suggest the
binding of the solvents via hydrogen bonding
to the imidazolyl-NH (N,H) group.The high
red-shift also implies the greater stabilisation
of the electronically excited solvent clusters.The
inverted traces in Figure 1(c) and(f) depict the
UV-UV hole-burning (HB) spectra of the PBI-
H,O and PBI-NH,complexes, which confirm
the presence of a single isomer in the observed
spectral range for each system.
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3.2 Structures of PBI-S complexes

Figure 2 shows the most stable
geometryoptimised structures of the PBI-H,O,
PBI-NH, and PBI-CH,OH complexes, calculated
at the B3LYP-D4/def2-TZVPP level of theory.
The calculated bond lengths are given in Table
1. In the PBI-H O structure, the hydrogen
bond length of N H--O (1.70 A) is found to
be marginally longer than that of OH "N,
(N, = pyridinyl N) at 1.65 A. The respectlve
expenmental frequency of the intermolecular v,
mode (the internal translational motion of H,O
along the N.H -~ O hydrogen bond) is obtained
at 154 cm™. The v, mode due to the internal
translational motion of H,O along the OH --'N,
hydrogen bond is positioned at 168 cm™, which
is marginally higher by 14 cm™ compared to the
n;, mode. Both the experimental v, and v, values
are in good agreement with the calculated data.
Hence, the OH --'N, hydrogen bond strength
can be considered marginally higher than the
N,H -- O bond. In PBI-D,0, the frequency values
of v, and v, modes decreased to 148 and 162cm™,
respectively, due to the higher molecular weight
of the solvent molecule. However, the bond
strength order remained unaltered upon isotopic
substitution.

a2 9 J‘ ‘; » ; N “ .~ b
e — s e ;
s 9% d AT T L a3
Q. 29 d_2 2e 99,9, e 2,9,
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Figure 2.Geometry optimized structures of PBI-H,O,
PBI-NH, and PBI-CH,OH at B3LYP-D4/def2-TZVPP
level of theory.

In case of most stable structure of PBI-NH,
complex, the N;H--'N hydrogen bond length
(at 1.80 A) is found to be much shorter than
that of the NH --'N, bond (at 1.93 A), suggesting
the presence of a weaker NH N, bond. The
experimental intermolecular v, mode due to
the internal translation of NH, mode along the
NH N, bond was found to be significantly lower
at 115 cm™ than the v, mode at 160 cm™.
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Table 1.Experimental band-origin transitions
05 and spectral shifts (Av in cm™) for PBI, PBI-
H,O, PBI-NH,, and PBI-CH,OH complexes are
given in wavenumbers (cm™). Hydrogen bond
lengths of N H ‘- (N/O) and (O{N)H N, are
also mentioned in A.

Systems Av N,H |(O/N)H
PBI 31611 0 - -
PBI-H,O | 30544 | -1067 | 1.70 1.65
PBI-NH, | 30872 | -739 1.80 1.97
PBI- 30400 | -1211 | 1.652 1.619
CH,OH

Additionally, the v, mode is lowered by 53
cm™ compared with that in PBI-H,O, suggesting
a weaker hydrogen bond strength of the NH --'N,
bond. The above experimental observation is in
good agreement with the calculated bond length
data.*® Ammoniais known to have a higher gas-
phase basicity compared to water due to which
it acts as a stronger hydrogen bond acceptor
than a donor. Hence, the formation of a stronger
N,H --Nover NH -- N is fully justified. Moreover,
the binding energy values in the S, state of the
PBI-H,O and PBI-NH, complexes are calculated
as 63 kJmol™ and 42 kJmol™, respectively, which
suggested the lower stabilisation of the PBI-NH,
complex. The above can be correlated to the lower
Av values (-739 cm™) of the NH,compared to the
H,O complex.
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In the R2PI spectrum of PBI-CH,OH
complex (Figure 3),the v, mode (164 cm™)
corresponds to the internal translationalmotion
of the CH,OH along the NH --O coordinate,
which agrees well with the calculated value at
164 cm™.* The v, mode at 185 cm™ represents the
internal translational motion along the O-H -- ‘N,
vibrational mode which correlates well to the
calculated mode at182 cm™. The higher value of
v,, than the v, value implies a stronger O-H --'N,
hydrogen bond than that of N\H --O in the
complex. The above is in line with the results
obtained for PBI-H,O complex.

3.3 Excited-state processes in binarycomplexes

In the R2PI spectrum of PBI-H,O complex,
the bands present within + 500 cm™are assigned
as the low-energy intramolecular modes (v,
Vv, V,; and combinations of the above modes)
and intermolecular modes (the combination
of v, /vy, with the intramolecular modes v,).
The peaks present in the higher energy region
showed a decrease in the intensity and the bands
completely disappeared beyond 421 cm™.

This can be explained using the three possible
photophysical and photochemical processes.(i)
Franck-Condon factor: A significant difference
in the electronic structure of the complex upon
electronic excitation can substantially reduce
the band intensities in the R2PI spectrum. (b)
Quantum tunnelling: In the R2PI experiment,
the signal intensity depends on the lifetime of the

excited vibrational states.

390
430

PBI-CH,OH In PBI-H,O, the lifetime
of the vibrationless S,
state was measured to

be of the same order of

A

: e

| 1 Loy o0 bo 0 s 1s g s

L é 30413 em™

magnitude (~5 ns) as
the laser pulse width. A
short lifetime in the S,
vibrational state (<100 ps)

PBI-CH,0D

0 100 200 300 400 500 600

Relative Wavenumber (cm™)

700

800 200

due to enhanced quantum

Figure 3. Two-colour resonant two-photon ionization spectra of the S «S transitions
of the PBI-CH,OD complex is compared against that of the PBI-CH,OH complex. The
vertical arrows represent the progression of v, modes till n=6.
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mechanical tunnelling
of a hydrogen atom/
proton can cause the R2PI
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signal to disappear. (c) Energy barrier: The
disappearance of bands in the R2PI above 05 +
421 cm™ can also be due to the fast deactivation of
the excited state via the proton/ hydrogen atom
transfer reaction.

If the molecule is excited to a state higher in
energy than the energy barrier of the subsequent
reaction process, the above reaction can be
efficient. Further, a hole burning (HB) spectrum
of the PBI-H,O complex(Figure 1(c)) complex
is recorded to understand the effect of the
above three processes in the complex. In the HB
experiment, the scanning laser introduced prior
depletes the population of the vibrationless S state
at each Franck-Condon active S,«S transition,
independent of the lifetime of the S, state. The
bands in the HB spectrum are observed till + 1120
cm™, confirming the Franck-Condon activity on
both the intra- and intermolecular vibrational
bands in the S, state.

Moreover, the intensities of the
intramolecular modes in the HB spectrum of
PBI-H,O were found to be similar to that in
the R2PI spectrum of PBI. This infers that the
disappearance of the R2P1 signal in the PBI-H,O
complex cannot be due to the loss of Franck-
Condon activity. However, in the 200-400 cm™
region, the intensities of intermolecular modes in
the R2PI spectrum of PBI-H,O are significantly
lower compared to the corresponding peaks in
the HB spectrum. Since these intermolecular
vibrational modes are the internal translational
motion of water molecules towards the N(v,,)
and N,-H (v, ) groups, hence, quantum tunnelling
of a proton/hydrogen is feasible. Therefore,
the above can reduce the peak intensities of the
intermolecular modes in the R2PI spectra.

To further verify the scope of tunnelling, we
have utilized the kinetic isotope effect employing
the PBI-D,O system. The R2PI spectrum of the
PBI-D,0 complex is shown in Figure 1(d). The
isotopic H/D substitution does not alter the
ground and excited state geometries and the
properties of electronic transitions of a complex.
The above is evident from the marginal blue shift
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of 6 cm™ for the band with respect to that of the
PBI-H,O complex, which is in good agreement
with the calculated value of 5 cm™. However,
the high mass of D/D* can substantially reduce
the rate of quantum tunnelling which can lead to
an increase in the intensity of the intermolecular
bands in the spectrum. In addition, zero-point
vibrational energy of an electronic state of a
molecule can significantly decrease due to H/D
substitution, which can elevate the activation
energy of a reaction.

In the R2PI spectrum of PBI-D,O, the
bands are observed till 08 + 1030 cm™, which
implies that the excited state energy barrier can
be as high as 1030 cm™, which is much higher
than that of the PBI-H,O complex. The band
intensities of the transitions in PBI-D,O are
found to be similar to those observed in the
HB spectrum of PBI-H,O (Figure 1). Moreover,
the intensities of the intramolecular vibrational
modes in both H,O and D,O are found to be
similar before the cut-off band of 06 + 421 cm.
However, the intensities of the intermolecular
modes in PBI-D,O above 200 cm™(Figure 4) are
significantly enhanced which can be correlated
to the comparatively much slower quantum
tunnelling of D/D* in the PBI-D,O complex. This
infers that the lifetimes of the excited vibrational
states have increased significantly upon isotopic
substitution as the quantum tunnelling rate is
reduced. This strengthens the possibility of a
favourable quantum mechanical tunnelling in the
PBI-H,O complex. Further, to understand the rate
of quantum tunnelling in different vibrational
modes in the S state of PBI-H,O complex, the
ratio of the peak intensities of the R2PI bands of
PBI-D,0 with that of PBI-H,O as :2— [PB=220

Iy IppI-Hy0

are calculated. The intramolecular bands at 274
and 392 cm™ show ;—Z intensity ratios of 1.40 and
1.86, respectively. Similarly, the intermolecular
bands in the same region, positioned at 263, 303
and 345 show j—fl values of 3.91, 3.91 and 2.66,
respectively. This confirms the presence of strong
quantum mechanical tunnelling in the PBI-H,O
complex.
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Figure 4. The baseline corrected normalized R2PI spectra of PBI-H,0O and PBI-D,0 are shown to compare the kinetic
isotope effect on various vibrational modes. The I,/1, values are given in maintext Table 2 of the article, calculated by

integrating each peak.

Similar to the PBI-H,O system, the excited
state mechanisms in case of PBI-CH,OH are
also investigated using the R2PI method(Figure
3) and kinetic isotopic effect. The S «-S band
origin transition 05 of the complex is observed
at 30400 cm™,which is redshifted by 1211 cm’,
compared to the PBI monomer. The large red shift
confirms the binding of the methanol molecule
to be similar to that of water in the PBI-H,O
complex. In PBI-CH,OH complex, the v, mode
is obtained at 99 cm™, with a progression of n =
4. The above shift is similar to that of PBI-H,O
complex (95 cm™) which supports the similar
intermolecular structure of both the complexes.
The most stable structure of PBI-CH,OH structure
showed hydrogen-bonded linkages between
PBI and the solvent molecules as OH --N,, and
1}11H -+, with a bond distance of 1.62 A and 1.65
A, respectively, which complies well with the
experimental observation.

The R2PI spectrum of the PBI-CH,OD
complex(Figure 3) was recorded and the band
origin of the complex is observed at 30413 cm™,
which is similar to that of PBI-CH,OH complex.
The bands in the 150-390 cm™ region are found
to be more intense in PBI-CH,OD complex
than the PBI-CH,OH complex. The above can
be due to the shorter lifetime of the vibrational
states in the PBI-CH,OH complex due to the
enhanced quantum mechanical tunneling of the
proton/hydrogen atom transfer. However, the
tunneling is significantly reduced in the PBI-
CH,OD complex due to the increase in mass.
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Additionally, the zeropoint vibrational energy
of the complex also decreases because of the
isotopic substitution. Due to the above factors,
the vibrational bands were observed up to
+981 cm™ in the R2PI spectrum of PBI-CH,OD
complex. The above observations align well with
the results obtained for PBI-H,O and PBI-D,0
complexes. Therefore, the adjacent strong higher
energy intramolecular band at 430 cm™ in PBI-
CH,OD must be the first lowest energy missing
vibrational mode of the PBI-CH,OH complex.
Hence, the band at 430 cm™ is considered as the
upper limit of the excited state energy barrier of
the PBI-CH,OH complex. Based on the above,
the energy barrier is experimentally measured
to be 410 + 20 cm™.

In the R2PI spectrum of the PBI-NH,complex
(givenin Figure 1(e)), the bands are observed till +
868 cm™! with high band intensities above 06 + 421
cm?, which is very different from the spectrum
observed for the PBI-H,O complex. Moreover,
the PBI-NH, structure in the S, state possess a
wider potential along the N, --H, distance due
to which a lower proton/hydrogen tunnelling
rate of solvent to N, and a higher energy can
be expected. The above is evident from the
R2PI spectrum as well wherein the high band
intensities are observed in higher energy region.
The recorded HB spectrum also depicts nearly
similar depletion patterns as those of the R2PI
spectrum till 733 cm™. Additionally, both the
intermolecular bands and the intramolecular
modes in the R2PI spectra of NH, were found
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to be equally intense, indicating the negligible
quantum tunnelling in the energy region up to
+733 cm™. The above confirms the higher energy
barriers and a much lower quantum mechanical
tunnelling for the excited state processes in the
PBI-NH, complex.

4. Conclusions

In this article, we have demonstrated a
unique laser spectroscopic approach to probe
the energy barriers of excited state processes in
PBI and its solvent complexes. The 1:1 solvent
complexes of H,O, D,O, NH, and CH,OH with
PBI were produced in a supersonic jet and
characterized using two-color resonant two-
photon ionization (2C-R2PI) technique. The
ESPT energy barriers in case of PBI-H,O and
PBI-CH,OH were measured to be 431+10 and
410+20 cm ™ respectively. The lower energy barrier
in case of PBI-CH,OH complex compared to that
of PBI-H,O is most likely due to the marginally
high acidity of methanol in the gas phase than
water. Using the kinetic isotopic effect, the exact
reaction pathways were found to be a solvent-to-
chromophore proton transfer reaction. The excited
state barriers were measured to be >1000 cm™ in
both PBI-D,O and PBI-CH,OD complexes, which
were significantly elevated due to the lowering
of zero-point energy because of heavy atom
insertion. The above implies that the hydrogen/
proton tunnelling was decreased drastically upon
deuterium substitution. To further verify this, the
width of the hydrogen/proton transfer barrier
was increased by investigating the PBI-NH,
complex and the energy barrier was measured to
be >868 cm™. In the complex, the solvent molecule
was bound preferentially to the acidic (PBI)N-H
group, resulting in a weaker hydrogen bonding
between ammonia and the pyridyl-N atom and
increase in the proton-transfer barrier width.
The thorough experimental investigations aided
by computational analysis provide a conclusive
evidence of a novel deactivation pathway in the
N-rich molecules.
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Abstract

This study investigates the dissociation dynamics of CH,I under ultrafast laser pulses ranging

from 25 fs to 1500 fs at moderate intensities. Using velocity map imaging and quantum chemistry

calculations, we explore the role of orbital rearrangements and nuclear dynamics in ionization

and fragmentation. The results show significant pulse-duration dependence, with shorter pulses

favoring low-energy fragmentation channels and longer pulses promoting Coulomb explosion

(CE) and higher-energy fragments. Time-of-flight spectra and multi-hit coincidence maps reveal

complex dissociation pathways, including the formation of tri-cations at longer pulse durations.

Our findings highlight the importance of pulse duration in influencing fragmentation channels

and intermediate states during multi-orbital ionization.

Introduction

Intense laser-molecule interactions reveal
complex dynamics from coupled electronic
and nuclear motions, including bond softening,
hardening, and enhanced ionization, well-
studied in simple molecules like H,* and D,*(1-6).
Extending this to multi-electronic molecules (e.g.,
O,, N,, CO,, CH,I)(7-11) adds complexity due to
multiple orbitals and electronic states, influenced
by nuclear motion and orbital symmetries. Time-
resolved experiments require sub-10 fs pulses
for diatomics, but molecules like CH,I, with
slower vibrational motion, allow studies with
25 fs pulses. Geometry of CH.I and spin-orbit
coupling lead to rich dissociation dynamics.
This work investigates CH,I dissociation under
25 fs to 1.5 ps laser pulses, using velocity map
imaging and quantum chemistry to explore
orbital rearrangements and nuclear dynamics in
the process.

Experimental Setup

The Femtopower V system (Spectra-Physics,
Austria) generates few-m] laser pulses at 1
kHz and 800 nm, with a ~25 fs pulse duration
measured after the amplifier unit. Pulse durations

40

can be varied by adjusting the compressor
grating separation, with durations up to 75 fs
determined by grating dispersion. The laser’s
linear polarization can be aligned using a \/2
plate, and the beam is focused to a ~70 pm spot
with a 30 cm focal length lens, achieving an
intensity of ~5x102 W /cm?.

The ion-imaging spectrometer (12)is used
to capture 3D velocity distributions of fragment
ions. CH, I vapor is introduced near the laser focus,
and experiments are conducted in two modes: (a)
imaging mode (polarization perpendicular to the
spectrometer axis) for 3D distributions, and (b)
time-of-flight (ToF) mode (polarization parallel
to the spectrometer axis). Velocity distributions
are recorded for 2 hours per pulse duration,
ensuring consistent shot counts and gas pressure.
Spectrometer voltages are optimized to capture
full velocity images within the detector area.

ToF flight times enable calculation of
ion kinetic energies, verified by the detector’s
multihit capability (up to 8 ions, <10 ns dead
time). Photoion-photoion coincidences identify
high-energy ions and determine their mean ion
energies. The gas pressure is kept low (<300
Hz ion count rate) to avoid false coincidences.
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Measurements use positive second-order
dispersion, with negligible differences observed
when using negative dispersion.

Results:

Time-of-Flight Spectrum, Multi-Hit
Coincidence and Correlation Map

Figures 1-left and right present the time-of-
flight spectra of ionic fragments resulting from
the interaction of methyl iodide with an 800 nm
laser pulse at peak intensity 5x10'> W/cm? for two
pulse durations: ~25 fs and ~1500 fs. In both cases,
prominent peaks correspond to the parent ion
CH.I", singly charged methyl fragments (CH *,
n=0-3), and iodine ions (I¢*, q=0-2).

Significant differences emerge between
the spectra for the two pulse durations. For
the shortest pulse (~25 fs), CH," dominates
the ionic fragments. In contrast, longer pulses
(~1500 fs) yield a broader distribution of
fragments, including higher-energy I* ions
and the appearance of a new species, I**. These
changes indicate an increased contribution from
higher-energy fragmentation channels at longer
pulse durations.

Identifying the parent molecular ions based
solely on time-of-flight spectra is challenging.
To resolve fragmentation pathways, a 2D
histogram (Correlation Map) of ions detected in
coincidence —showing the time-of-flight of first
and second ions — provides critical insights.

Figures 2a and 2b illustrate photoion-
photoion coincidence maps for pulse durations
of ~25 fs and ~1500 fs, respectively. For the
shorter pulse, a single set of coincidence islands
corresponds to fragment pairs CH_*+I", primarily
arising from the concerted breakup of CH,[*".

For the longer pulse (~1500 fs), two distinct
sets of islands emerge, representing fragment
pairs:

1. CH *+I*
2. CH "+I**
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Each set includes four pairs of islands,
attributed to coincident detection of CH,*
, CH,*, CH*, and C* with either I* or I**. Some
uncorrelated diagonal events are also observed,
attributed to false counts. However, imposing
suitable conditions allows for the isolation of true
coincidence events.
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Fig1: Top) The time of flight spectrum at a pulse duration
of ~25 fs with peak intensity 510" W/cm? with the main
fragments highlighted and their peaks shown in an expanded
form. Bottom) at a pulse duration of ~1500 fs with peak
intensity 5x10" W/cm?

The distinct nature of these islands suggests
energetic, back-to-back, concerted fragmentation
processes originating from CH,I** and CH,I*".
These observations provide detailed insights
into the underlying ionization and fragmentation
dynamics.

Effects of Pulse Duration Variation

Spectra were recorded for pulse durations
ranging from 25 fs to 1500 fs while maintaining a
constant peak laser intensity. Figure 3 illustrates
the variation in ion yields derived from the peak
areas in the time-of-flight spectrum. The yield of
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the parent molecular ion (CH,I*) remains largely
unchanged with pulse duration. In contrast, the
yields of high-energy fragments, particularly in
the CH_*+I" islands, show a steady increase up
to ~1000 fs before reaching saturation.
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Fig2: Coincidence plot of the ions and ions for (a) ~ 25fs
and (b) ~ 1500fs
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Fig 3: The measured absolute yields of the parent molecular
ion CH,I*, the, and ions, derived from the area under the
corresponding peaks.

Identification of Fragmentation Pathways

To understand the electronic states involved
in the dissociation processes, the complete kinetic
energy (KE) distribution and angular distribution
of the ionic fragments were analysed. Time-sliced
velocity map images of the major ionic fragments
were recorded at various pulse durations,
maintaining constant peak intensity.

Figures 4a and 4b show the ion distribution
maps for the central velocity slice (ions ejected
in the plane parallel to the detector and laser
polarization axis) of the CH," and I* fragments
at the shortest pulse duration (~25 fs). The
maps reveal two distinct regions: an isotropic
outer ring for high-energy fragments and
dense distributions near the centre for low-
energy fragments. The KE distribution of these
fragments, derived by integrating the counts
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over the azimuthal angle at each radius. The KE
distribution, obtained through ToF spectrum
analysis of energetic fragments, shows a close
correspondence with the velocity map images,
allowing identification of the outermost ring as
a result of Coulomb explosion (CE) from doubly
charged parent ions (13).

The low-energy fragments arise from the
dissociation of singly charged molecular ions into
ionic and neutral fragments. These fragmentation
channels can be labelled using a (p;q) notation,
where p and q represent the charge states of CH. *
and Iq+ ions, respectively. The KE distributions for
CH," and I" ions at ~25 fs were fitted to
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-15 T T T (. ) T
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Fig4: Velocity Map Images of (a) and (b) I* ions at the
shortest pulse duration. The color scale for ion counts
is logarithmic. The laser polarization axis (red arrow) is
vertical. Semicircles identify different dissociation and CE
channels.
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Gaussian distributions, with three peaks for low-
energy fragments and two for CE fragments.
While the CE peaks are evident for CH,*
fragments, they are less distinguishable for I due
to lower energy resolution (13). For more details
see 13. At higher intensities, the CE channels are
more populated, but no new channels emerge,
and the CE peak positions remain unchanged.

For the pulse durations used here, CH,I"
predominantly populates the spin-orbit split
ground states and , dissociating into CH," and
neutral I atoms. The excited state contributes to
the formation of near-zero energy I* ions in fast
non-adiabatic ionization. Higher excited states
may also participate in dissociation through
multi-photon coupling. Arnab et al (see table 1in
13) lists possible dissociation pathways, although
low-energy channels are not uniquely assigned.

The CE channels at ~2.9 eV and ~3.5 eV are
attributed to repulsive electronic states of the
doubly charged parent ion, leading to CH,* +
[* fragments, where I" in the °P, | and °P, states.

I** ions, arising from the dissociation of
dications or the CE of trications, were also
detected in the imaging mode. Ata pulse duration
of ~25 fs, no I** ions were observed, suggesting
that tri-cation formation is not feasible at these
intensities. However, for a pulse duration of ~150
fs, I** ions were detected, with the KE distribution
fitted to three Gaussian distributions. The peak
at~0.2 eV is attributed to the dissociation of CH,
I** ions via the (0;2,0) channel, while the high-
energy peak at ~0.8 eV corresponds to a Coulomb
explosion channel (1;2). This assignment aligns
with previous studies, although differences in KE
distributionsmay arise due to variations in pulse
duration and intensity.

The formation of I** highlights the strong
pulse duration dependence of the dissociation
process. At ~25 fs, tri-cation formation is unlikely,
while at ~150 fs, the production of I** becomes
significant, further emphasizing the role of
pulse duration in determining fragmentation
pathways.
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Effects of Pulse Duration Variation

As pulse duration increases, the relative
intensities of dissociation channels change, but
no new channels or energy shifts are observed
(Figure 5 shows ion velocity distributions for
CH,"and I" at pulse durations of 25 fs, 150 fs, 650
fs, and 1500 fs with constant laser intensity). The
Coulomb explosion (CE) channels (1;1) and (1;1")
merge and shift to lower energies, with the Kinetic
Energy Release (KER) reducing from 3.6 eV and
4.1 eV at 25 fs to a broad peak at 3.2 eV at 1500 fs
(see 13 for more details). Additionally, as can be
seen in fig 5 the distribution becomes increasingly
anisotropic with longer pulse durations, and the
relative yield of the CE channels increases, as
observed in ToFmode.

In ToF mode, the yields of dehydrogenated
methyl fragments (CH,_ *, m = 0-2) also enhance
with pulse duration. The kinetic energy
distributions of these fragments at 1500 fs show
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Fig 5: Time sliced velocity map images of [left panel]
and [right panel] I" ions recorded at different laser pulse
durations.
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the following mean KE values: CH,* (2.9 eV),
CH," (2.8 eV), CH* (2.7 V), and C* (2.6 eV).
The trend in kinetic energy ordering (remains
unchanged with varying pulse durations. The
spectrometer’s resolution in ToF mode is 0.08
eV, and the mean kinetic energy differences
between these dehydrogenated fragments are
independent of pulse duration, suggesting a
stepwise dissociation mechanism.

The stepwise dissociation pathway for
CH,*after the Coulomb explosion of the parent
ion follows:

¢ CH,/— CH,"+H
¢ CH,'—CH'+H
e CH—C +H

In each step, the neutral H atom carries away
a small amount of energy, leading to a shift in the
kinetic energy of the dehydrogenated fragments.

No I** ions were observed at 25 fs, indicating
that tri-cation generation is not feasible at these
intensities. The angular distribution of the CE
channel (1;2) does not change significantly with
increasing pulse duration, but the yield increases
and the CE peak shifts to lower energy (0.6 eV
at 1500 fs).

Time Evolution of Intermediate States

When CH;l interacts with an ultrashort laser
pulse of 25 fs duration in the moderate intensity
range (102-10® W /cm?), ionization primarily
occurs in the spin-orbit coupled CH3I" states,
where a single electron is removed from the
outermost orbital (2e). This process is a rapid,
non-adiabatic transition akin to the Frank-
Condon effect. The low-energy dissociation
channels observed at this short pulse duration
suggest that lower-lying excited states, such
as A(2Ey/;)and B(3Es), and 5E, ;),and , are
also populated through direct ionization. This
ionization excites multiple ro-vibrational levels,
leading to the formation of a wavepacket that

evolves along the potential energy surface
defined by the C-I bond length.
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For the di-cation states, direct ionization
is dominant at equilibrium geometry for
short pulses, but for longer pulses, sequential
ionization from the intermediate mono-cationic
states becomes more significant. As a result, the
yield of subsequent Coulomb explosions (CE)
is influenced by the evolving dynamics of these
intermediate states.

Photon-Induced Orbital Coupling

We propose that the variations in the
yield and angular distributions observed in
the CE channels are a result of these evolving
dynamics. To investigate this, we performed
multi-configuration self-consistent field (MC-
SCF) calculations using the GAMESS quantum
chemistry package under field-free conditions.
These calculations examined the variation in
the orbital energy of the outer orbitals as the
C-I bond length changes, with the geometry
of the CH; group held constant. Using N-21G
split valence basis set and NGAUSS=3, the
results (Figure 5) show that the energy of the
inner HOMO-1 (3a) orbital increases with bond
elongation. The HOMO (2e) and HOMO-1 (3a)
orbitals merge around ~ 4.5 A (see tig6), butata
C-Ibond length of ~ 3.9 A, the energy difference

-12 r 1 r T TnrTnrTvrT
——2e |
—e— 3a,

r~Trr T r-r1

20 25 3.0 35 40 45 50
R}

Fig6: The energy of the HOMO 2e and HOMO-1 3a,

orbitals of the monocationic Methyl lodide obtained from

MCSCEF calculation. The orbital structres of 2e and 3a,

orbitals are shown in the inset.
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between them matches the photon energy of ~
1.5 eV, suggesting efficient orbital coupling in the
presence of the laser field. This orbital coupling
likely drives the observed variations in yield and
angular distributions in the CE channels.

Discussion:

Multi-orbital ionization constrains the
angular distribution of fragment ions. At the
shortest pulse duration (25 fs), the Coulomb
explosion (CE) channels exhibit a nearly isotropic
distribution, consistent with ionization from
the outermost HOMO (2e) orbital. As the pulse
duration increases beyond 650 fs, the CE channels
broaden and shift to lower energy, with the
angular distribution becoming more anisotropic,
indicating greater involvement of the HOMO-1
(3a) orbital. This orbital, aligned along the C-I
bond, becomes easier to ionize when the laser
polarization axis is parallel to the bond, leading
to the observed anisotropy in the CE distribution.
At longer pulse durations, ionization from the
state dominates, with increasing involvement of
the 3a orbital at larger inter-nuclear separations.

The (1,2) CE channel originates from
ionization of the tri-cationic state of CH,I. Direct
ionization to the tri-cation is unlikely at moderate
intensities, so sequential ionization, facilitated
by C-I bond stretching, is more probable. We
suggest that the upward shift in orbital energy
in the intermediate Ae state increases ionization
probability, leading to tri-cation formation. For
pulses around 150 fs, I**ions show a broad energy
distribution peaked at ~0.82 eV, with a strongly
anisotropic angular distribution, indicating a
dominant contribution from the HOMO-1 (3a)
orbital.

Methyl ionic fragments also show increased
anisotropy with pulse duration, reflecting
greater involvement of the 3a orbital, which is
aligned with the laser polarization axis. The C-I
bond undergoes distortion due to the external
electric field, initiating step-wise dissociation and
sequential fragmentation. The correspondence of
C" yields with model calculations supports this
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hypothesis. The role of intermediate electronic
states and quantum calculations involving
transient species with varying geometries
warrants further investigation.

The laser pulse chirp does not affect
fragmentation product yields or energies, unlike
in previous studies where chirp influenced
the yields and energies. Our data, showing no
significant shift in dissociation energies, suggest
that chirp does not play a critical role here. More
details can be found in (13).

Although the classical model estimates the
critical inter-nuclear distance for ionization, the
discrepancies at shorter pulse durations may
arise from neglecting direct ionization effects
and errors in the potential energy curve due to
fixed geometry assumptions. Future time-domain
Schrédinger equation solutions are needed to
confirm the observed kinetic energy release (KER)
and refine the ionization pathway.

Summary:

When CH3l interacts with moderate-
intensity laser pulses (5102 W/cm?, 25 £s-1500
fs), it is primarily singly ionized, with many
of these ions dissociating further in the laser
field. Despite low energy densities, longer pulse
durations (>150 fs) can lead to the formation
of di-cationic and tri-cationic states. Our ion
imaging and a classical 1-D model suggest that
delayed sequential ionization in the intermediate
Ae state of the mono-cation plays a key role. As
the C-I bond stretches, the energy of the inner 3a
orbital increases. If the laser intensity is sufficient,
resonant coupling can occur, enhancing electron
transfer (3a — 2e). This allows longer pulses to
further populate repulsive states of CH.I** and
CH,PP*ions. CH,I remains a highly dynamic
system, and further experimental and theoretical
studies are needed to explore these processes in
detail.
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