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Dear ISRAPS members,

Greetings from the Executive Council of ISRAPS!

We wish you all a very Happy New Year 2024 and take this opportunity to acknowledge the 
contribution of all the members for actively participating in various activities of ISRAPS.

One of the important events of ISRAPS, Trombay Symposium on Radiation & Photochemistry 
(TSRP-2024), is being organized in DAE Convention Centre, Bhabha Atomic Research Centre, Mumbai 
during January 07-11, 2024. The ISRAPS bulletin (TSRP-2024 special issue), released on this occasion, 
is a collection of articles on the recent developments in the field of radiation and photochemistry, from 
eminent scientists invited in TSRP-2024. The Executive Council (EC) of ISRAPS takes this opportunity 
to thank Dr. Rajib Ghosh, the Guest Editor of this special issue, for his efforts to bring out a scientifically 
up-to-date bulletin containing nine articles of varied interests in the field of advanced techniques in 
radiation and photochemistry. Support from all the contributors is also acknowledged for making 
this special issue very informative. 

ISRAPS promotes, as you are aware, dissemination of information on frontier research in 
the field of radiation and photochemistry as well as in the fields of spectroscopy, nanomaterials, 
atmospheric chemistry, supramolecular chemistry, radiation polymerization, radiation biology, 
medicine and many other related subjects. In this regard, ISRAPS has been actively involved in 
organizing thematic discussion meetings and symposia this year. The “National Symposium on 
Radiation and Photochemistry (NSRP-2023),”was organized at BITS Pilani, Goa Campus during 
January 05-07, 2023. The symposium was a grand success in terms of sharing of knowledge in the 
advanced areas of radiation and photochemistry. All the young researchers were quite excited to 
share their research work in the poster presentation. The EC thanks all the participants, especially 
Prof. Mainak Banerjee from BITS Pilani, Goa Campus, for contributing to the success of NSRP-2023.
Recently, we have successfully organized ISRAPS One-day Discussion Meeting on “Emerging Role 
of Laser in Understanding Surfaces and Interfaces” on October 21, 2023, at Department of Physics, 
IIT Ropar. The EC thanks Prof. Kailash C. Jena, IIT Ropar and all the speakers and participants for 
contributing to the success of the discussion meeting. Experts from leading research groups in the 
countrydelivered talks in their areas of research. 

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

Message from the President and Secretary, ISRAPS

Dr. (Mrs.) J. Mohanty
Secretary, ISRAPS

Dr. Awadhesh Kumar
President, ISRAPS
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Indian Society for Radiation and Photochemical Sciences 

Editor Desk...
Dear ISRAPS Members and TSRP-2024 Delegates,

I am extremely happy to present this special issue of the ISRAPS Bulletin on the auspicious occasion 
of the Trombay Symposium on Radiation and Photochemistry- 2024 (TSRP-2024).  Since last 
three decades, the TSRP conference series has been a very important forum for the radiation and 
photochemical researchers across the globe. Continuing the rich tradition of ISRAPS to bring forth a 
special issue during every TSRP, I am honored to guest-edit this special issue of the bulletin, which 
showcases some of the contemporary research in the area of radiation and photochemistry.

This issue presents nine articles on varied topics of current interest contributed by some of the esteemed 
invited speakers of TSRP-2024. The first article provides a perspective on the microscopic heterogeneity 
in condensed phase using various spectroscopic approaches. The second article highlights interface 
sensitive vibrational sum frequency generation spectroscopy of biologically relevant interaction of 
anesthetic molecules with lipids. The third article summarizes current understanding on  emerging 
optical properties of manganese doped low dimensional perovskite materials. Next two articles 
detail spectroscopic understanding of resonance energy transfer between dyes - metal nanoparticle 
system and photon upconversion in lanthanide doped inorganic crystals. The sixth article attempts 
to showcase prospects of engineered three dimensional composite electrode materials for various 
catalytic applications. Aggregation induced emission based chemodosimetric detection of important 
analytes is elucidated in the seventh article. Finally, the last two articles cover the research in the field 
of radiation chemistry, highlighting the application of nuclear techniques for corrosion protection 
in metal alloys and use of gamma radiation and electron beam for synthesis of semiconducting 
nanoparticles in aqueous solution.

These interesting topics provide  a great deal of information in the respective field of the research 
area. I believe these informative articles will stimulate thought-provoking ideas to take up challenging 
problems to address contemporary problems in both basic and applied research in the field of Radiation 
and Photochemistry. On behalf of ISRAPS, I sincerely acknowledge the active cooperation from all 
the contributors to this issue.  I take this opportunity to thank ISRAPS for entrusting me with the 
guest editorial responsibility.

Rajib Ghosh (Guest Editor) 
Radiation & Photochemistry Division 

Bhabha Atomic Research Centre, Mumbai-85, INDIA



iv

ISRAPS Bulletin Vol. 36, Issue Number 1 & 2 January, 2024

Contents

Message from the President and Secretary, ISRAPS i

Editor’s Desk iii

Perspective on Heterogeneity through Spectroscopic Approaches
Pratik Sen

1

Understanding the Interaction of Anesthetic Molecule with Lipids Using the 
Vibrational Sum Frequency Generation Spectroscopy
Biswajit Biswas, Prashant Chandra Singh

10

Mn-doping in Low-dimensional Perovskites for Tunable Optical Properties 
Tushar Debnath

14

Understanding the Resonance Energy Transfer between Fluorescent Bimetallic 
Nanoparticles and Organic Dye molecules 
AmitAkhuli, Aditi Mahanty, Sahadev Barik, Amita Mahapatra Debabrata Chakraborty, and 
Moloy Sarkar

24

Broad Photon Upconversion in Lanthanide Doped Inorganic Crystals 
Annu Balhara, and Santosh K. Gupta

35

Engineered 3D Composite based Electrodes for Efficient Catalysis
Indra Sulania, Ambuj Tripathi, Ranjeet K Karn, Elham Chamanehpour,  
Ajani Lakmini Jayarathna and Y K Mishra

50

A Chromene-Tetraphenylethylene AIEgen-based Chemodosimeter forHighly 
Selective Turn-off Detection of Bisulfite Ions and Nitroaromatics
Akhil A. Bhosle, Mainak Banerjee, Viraj G. Naik,Amrita Chatterjee

58

Application of nuclear technique for development of inhibitors forcorrosion 
protection ofdifferent alloys
Jayashree Biswal,V. K. Sharma, H. J. Pant

70

Radiation-induced synthesis of semiconductor nanoparticles in aqueous  
solution – a promising method
A. Guleria and M. C. Rath

76



1

ISRAPS Bulletin Vol. 36, Issue Number 1 & 2 January, 2024

Perspective on Heterogeneity through Spectroscopic Approaches

Pratik Sen
Department of Chemistry, Indian Institute of Technology Kanpur, Kanpur 208 016, UP, India

Abstract

Molecular level structure and dynamics decide the functionality of a solvent. One fascinating 
aspect of such structure and dynamics is the heterogeneity. Generally, dynamic heterogeneity in a 
media is recognized by the viscosity decoupling of the dynamics (i.e., 
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in a media is recognized by the viscosity decoupling of the dynamics (i.e.,    (  )
 
 with 

   ). In this review, a physical understanding of such dynamic heterogeneity is presented. 

We have recognized that though dynamically heterogeneous media showsviscosity 

decoupling, the vice-versa is not automatically true. Therefore, one should be cautious in 

relating viscosity decoupling to dynamic heterogeneity. We developed two novel analytical 

methods to interrogate this issue. The first one is based on selective probing of differently 

diffusing sub-populations and the second one is based on the photo-selection of different 

subpopulations in a heterogenous system. Realizing that the molecular origin of dynamic 

heterogeneity is structural heterogeneity, we also have developed a new fluorescence method, 

i.e. shift of excitation spectra at the blue edge of emission (BEEmS), as a new methodology 

to probe structural or spatial heterogeneity. 
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The word heterogeneity literally means 
diverse or different. One can easily sense 
heterogeneity if one mixes two or moresolid 
substances. However, in the case of liquid 
mixtures, heterogeneity (if any) is challenging 
to comprehend. Apparently, it seems to be 
homogenous. Homogeneity refers to the state of 
being similar kind or having a uniform structure 
or composition throughout. In chemistry, 
homogeneity is an essential concept in the study 
of solutions, where it refers to the uniform 
distribution of solute molecules in the solvent. 
Typical solvents are said to be homogeneous 
as the properties (such as viscosity, diffusion 
coefficient, density, polarity, etc.) measured in 
any region in space (with a length scale larger 
than the molecular dimension) are the same. On 
the other hand, heterogeneous media have non-
uniform composition and properties. Our recent 
understanding proposed that in heterogeneous 
media, microdomains are formed, wherein 
the dynamics is different from the rest of the 
medium, and different microdomains relax at 
different rates. Moreover, these microdomains 

are interconvertible with some timescale. These 
microdomains facilitate/hinder diffusion 
but do not affect the relaxation of the entire 
system. Hence, diffusion and relaxation are 
decoupled, and the entire system is said to have 
dynamic heterogeneity. Proof of such dynamic 
heterogeneity comes from the breakdown of 
Stokes-Einstein (SE) or Stokes-Einstein-Debye 
(SED) relationships when the measurement 
time is smaller or comparable to the inter-region 
fluctuation time scale, and of course, when the 
signal is acquired from specific microdomains.

The driving force for the formation of such 
microdomains is presumably the force imbalance. 
Even in the simplest chemical system, if we 
think about how the molecules are arranged 
and how different forces act between them, it 
will not be tough to imagine why there should 
be a force imbalance. In fact, imagining a force-
balancecondition and a perfect homogenous 
system will be difficult. If this is the case, why 
are most of the systems homogenous and only 
some heterogenous? The question is probably not 
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rightly framed. It should be “Why does most of 
the system appear or seem to be homogenous?”. 
There is a difference between being homogenous 
and appearing to be homogenous. If an experiment 
detects heterogeneity, it is confirmed that 
heterogeneity is present in the system. However, 
if one observes homogeneity in an experiment, it 
may be possiblethat the experimental technique 
cannot detect heterogeneity.

The tricky part is to have an experimental 
method for which information from a very local 
environment can be obtained. Fluorescence 
experiments provide exactly this opportunity 
owing to their unmatched spatial and temporal 
resolution. Different types of fluorescence 
experiments are available that provide 
informationfrom different times and length 
scales. For example, fluorescent anisotropy 
measurement provides information about the 
rotational dynamics in ps-ns timescale and nm 
length scale. Diffusion measurement (employing 
fluorescence correlation spectroscopy) provides 
information about the translational dynamics in 
µs-ms timescale and µm lengthscale. SE and SED 
equations relate how these dynamics depend on 
the viscosity and temperature of the medium as 
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heterogeneity. Although the “decoupling” has been used in the literature to indicate the 
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mixtures.17-18 It has been proposed that in such 
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locally preferred conformations in terms of the 
free energy, and relaxes differently than the entire 
system. Despite of considerable effort towards the 
understanding of viscosity decoupled dynamics 
and dynamic heterogeneity, the picture is still 
unclear. Also, there was no analytical expression 
to estimate dynamic heterogeneity, and a slope> 
1 of the log-log plot has never been identified as 
the presence of dynamic heterogeneity. 

In 2021, we took a simple model where 
microdomain formation inside the liquid medium 
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is considered. A visualization of this situation is 
given in figure 1 with domains represented by 
different colours denoting different relaxation 
rates. We conjectured that the SE relationship is 
upheld separately in both the bulk medium and 
the microdomains but that the activation energy 
of the viscous flow differs in these two scenarios.1 
We had demonstrated that, in this case, the SE 
relationship changed to 
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probing the dynamics in microregions is necessary to observe the heterogeneity. Previously, 

Mazzaet al.in 2007 tagged faster and slower moving molecules separately using MD 

simulation,19 which leads us to think that if we can selectively probe different sub-

populations of the system experimentally, interesting results could be obtained.If different 

populations behave similarly, there should not be any heterogeneity in the system. 
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Figure 1. Depictionofdynamically heterogeneous systems having microdomains.One microdomain is 
relaxing with time constant 1, and the other is relaxing with time constant  2. We might observe 
heterogeneous dynamics (i) if  1 and  2 are sufficiently different, (ii) the exchange rate between  1 and 
 2 is slow compared to the probing time, and (iii) the experiment acquires data from the microdomain. 
 

 
Figure 2. A representation of the analytical prediction of dynamic heterogeneity, viscosity decoupling 
and its relationship with the activation energy of the viscous flow. 
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attention. While dynamically heterogeneous media will show a breakdown from the SE/SED 

relationship (   ), the vice-versa is not automatically true as the decoupling may also 

originate from the deviation of the basic assumption of SE/SED relations like, solvent is 

continuum, solute is spherical, chargeless and rigid, solute translate only a tiny distance in 

each step, diffusion is stochastic, etc.2 For translational dynamics, we devised a unique 

approach using single molecular level fluorescence correlation spectroscopy (FCS) to identify 

dynamic heterogeneity effectively. Along with the unmatched spatial resolution of 

fluorescence, the requirement of extremely low probe concentration (nM level) in the FCS 

study might be beneficial in selective sampling from micro-heterogenous regions. Our 

approach was based on detecting the temperature evolution of distinct diffusion time regimes 

in a heterogeneous system from a single measurement.We hypothesized that if the system is 

not dynamically heterogeneous, the  -values for different diffusion time regimes will be the 

same, even if the value of   significantly differs from unity (Figure 3).2Among the four 
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Figure 1. Depiction of dynamically heterogeneous systems 
having microdomains. One microdomain is relaxing with 
time constant1, and the other is relaxing with time constant2. 
We might observe heterogeneous dynamics (i) if 1 and 2 are 
sufficiently different, (ii) the exchange rate between 1 and 2 is 
slow compared to the probing time, and (iii) the experiment 
acquires data from the microdomain.

Figure 2. A representation of the analytical prediction 
of dynamic heterogeneity, viscosity decoupling and its 
relationship with the activation energy of the viscous flow.
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Figure 3. Different portions of the fluorescence intensity autocorrelation function from FCS used for analysis are presented. 
The entire correlation contains information of all diffusing timescales. The initial part (red arrow), middle part (blue 
arrow) and later part (green arrow) of the correlation are selected to put weightage on the different diffusion times in a 
heterogeneous system. The right panels represent viscosity decoupled dynamics. The subpopulation dependent decoupling 
suggests the existence of dynamically heterogeneous media.

Page 6 of 16 

studied systems, two were complex deep eutectic solvents (DESs), and the other two were 

molecular liquids,all exhibiting viscosity decoupling, albeit varying degrees, according to a 

plot of    ( ) vs.    (  ). This apparently suggests the presence of dynamic heterogeneity in 

all four systems. However, our analysis indicates that two DESs are dynamically 

heterogeneous, whereas two molecular liquids, dimethylformamide and glycerol, are 

dynamically homogenous. We argued that, in contrast to the conventional approach, 

differences in the degree of viscosity decoupling for differently diffusing subpopulations 

might be a superior criterion to identify dynamic heterogeneity, and this concept can be 

extended to rotational diffusion as well. 
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Consequently, we applied a similar concept in rotational dynamics as well. We recognize that 

a solvatochromic probe will be solvated to varying degrees in distinct microdomains, 

resulting in diverse subpopulations, and the excitation/emission wavelength dependent 

measurements can be used to select these subpopulations (Figure 4). We expected that the 

dynamics of a homogeneous system might (or might not) exhibit viscosity decoupling, but 

the level of decoupling should not alter at different excitations (or at different emissions). On 

the other hand, in a heterogeneous media, the extent of viscosity decoupling ( -value) should 

vary with excitation (or emission). We investigated four different solvent media as a proof of 
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concept. Overall, we suggest that the difference in  -value for the dynamics of different 

subpopulations may be a superior criterion for probing heterogeneity.3 

 

 
Figure 4.Hypothesis describing a Way Out to Achieve a better Relationship between Dynamic 
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either by varying the excitation or emission wavelength.  
 

The discussion of heterogeneity so far is about dynamic heterogeneity. If one thinks about 

why dynamics are heterogeneous, the probable answer that comes to mind is structural 

heterogeneity. Direct experimental probing of such structural heterogeneity is rare,20,21tough 

and does not always correlate well with dynamical heterogeneity.22,23 However, if there is 

heterogeneity in dynamics, something must also be present in the structure. In figure 5, effort 

was made to distinguish different dynamical regions of figure 1 by lines. If an experiment can 

confirm the presence of such areas having different structural arrangements, then spatial 

heterogeneity will be established. However, if an experiment cannot confirm the presence of 

these lines, that does not mean that theseregions are absent. The difference in the structural 

signal could be too subtle to distinguish themselves experimentally. This structural 

heterogeneity is called spatial heterogeneity. In the literature, dynamic and spatial 

heterogeneity are often found to be used interchangeably, like “Spatially Heterogeneous 

Dynamics” and “Spatio-Temporal Heterogeneity”.22,23Thus, one can very much use “spatial 

heterogeneity” in place of “dynamic heterogeneity” if the spatial aspect of heterogeneity is 

paramount.  
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subpopulations might be a superior criterion to 
identify dynamic heterogeneity, and this concept 
can be extended to rotational diffusion as well.

Consequently, we applied a similar concept 
in rotational dynamics as well. We recognize 
that a solvatochromic probe will be solvated 
to varying degrees in distinct microdomains, 
resulting in diverse subpopulations, and the 
excitation/emission wavelength dependent 
measurements can be used to select these 
subpopulations (Figure 4). We expected that the 
dynamics of a homogeneous system might (or 
might not) exhibit viscosity decoupling, but the 
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level of decoupling should not alter at different 
excitations (or at different emissions). On the 
other hand, in a heterogeneous media, the extent 
of viscosity decoupling (-value) should vary with 
excitation (or emission). We investigated four 
different solvent media as a proof of concept. 
Overall, we suggest that the difference in -value 
for the dynamics of different subpopulations may 
be a superior criterion for probing heterogeneity.3

The discussion of heterogeneity so far is 
about dynamic heterogeneity. If one thinks 
about why dynamics are heterogeneous, the 
probable answer that comes to mind is structural 
heterogeneity. Direct experimental probing 
of such structural heterogeneity is rare,20,21 
tough and does not always correlate well with 
dynamical heterogeneity.22,23 However, if there 
is heterogeneity in dynamics, something must 

also be present in the structure. In figure 5, effort 
was made to distinguish different dynamical 
regions of figure 1 by lines. If an experiment 
can confirm the presence of such areas having 
different structural arrangements, then spatial 
heterogeneity will be established. However, if 
an experiment cannot confirm the presence of 
these lines, that does not mean that these regions 
are absent. The difference in the structural signal 
could be too subtle to distinguish themselves 
experimentally. This structural heterogeneity 
is called spatial heterogeneity. In the literature, 
dynamic and spatial heterogeneity are often 
found to be used interchangeably, like “Spatially 
Heterogeneous Dynamics” and “Spatio-
Temporal Heterogeneity”.22,23Thus, one can 
very much use “spatial heterogeneity” in place 
of “dynamic heterogeneity” if the spatial aspect 
of heterogeneity is paramount. 

The easiest way to probe structural 
heterogeneity is the fluorescence based red 
edge excitation shift (REES) experiment.24,25 
Generally, the fluorescence spectrum does not 
depend on the excitation wavelength (Kasha’s 
rule). However, in some cases (solvatochromic 
fluorophores), one observes excitation dependent 
emission, especially when excited at the red edge 
of the absorption spectrum. This is known as 
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such a scenario, excitation at different wavelengths along the absorption spectrum raises the 

molecules to differently solvated excited states. In the case of red edge excitation, only the 

highly solvated fluorophores can be photo-selected. If solvent relaxation (  )is faster than the 

excited state lifetime (  ), then emission always occurs from the completely solvated state, 

and REES is not observed. However, for slow solvent relaxation(     ), fluorescence 

might occur before the solvent relaxation is complete, and one should observe REES 

(Figure 6). Therefore, the presence of REES means that there is a spatial heterogeneity, but 

the absence of REES does not guarantee that there is no spatial heterogeneity as REES 

severely depends on the      ratio of the probe.4 

 

 
Figure 6.A schematic description of the molecular origin of REES. In a heterogeneous distribution of 
fluorophore, photoexcitation at the blue edge (blue line, B), absorption maxima (green line, M), and 
red edge (red line, R) will excite the molecules at different excited states. When the solvent relaxation 
is much slower (left panel), emission occurs before complete solvation. In this case, the emission 
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the molecules at different excited states. When the solvent relaxation is much slower (left panel), emission occurs before 
complete solvation. In this case, the emission occurs from a partially solvent-relaxed state for the high-energy excitation. 
As a result, we observe REES. When the solvent relaxation is much faster than the excited-state lifetime (right panel), 
emission occurs mainly from the completely solvated state, irrespective of the excitation. In this case, there is no REES. 
Although the extent of heterogeneity is the same in both cases, observed REES is different and is controlled by 
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occurs from a partially solvent-relaxed state for the high-energy excitation. As a result, we observe 
REES. When the solvent relaxation is much faster than the excited-state lifetime (right panel), 
emission occurs mainly from the completely solvated state, irrespective of the excitation. In this case, 
there is no REES. Although the extent of heterogeneity is the same in both cases, observed REES is 
different and is controlled by      ratio.  
 

Recently, we developed a novel edge effect leading to the shift of excitation spectra at the 

blue edge of the emission (we named this BEEmS) to perceive the structural heterogeneity 

that does not suffer from the       problem.4The excitation spectra depict the range of 

excitation wavelength that can make the fluorophore fluorescent. At    , the contribution 

comes only from the Frank-Condon state which depends on the emission wavelength. 
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However, over a longer time, the spectrum should contain contributions from all the species. 

Considering a two-state model (where population decay due to excited state lifetime is not 

considered), the situation can be expressed as 
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The time evolution of the excitation spectrum under this condition can be written as  
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In this case, the population decay can be expressed as 
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Where    is the total number of excited state species at time t = 0 that depends upon the 

emission wavelength (    ). Therefore, the steady state excitation spectrum can be 

represented as 
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REES. The molecular origin of REES lies in the 
heterogeneous distribution of the excitation and 
emission energy of the fluorophore.4 In such a 
scenario, excitation at different wavelengths 
along the absorption spectrum raises the 
molecules to differently solvated excited states. 
In the case of red edge excitation, only the highly 
solvated fluorophores can be photo-selected. If 
solvent relaxation 
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the excitation wavelength. We simulated how the steady state excitation and emission 

spectrum changes as a function of      ratio according to equations 11 and 14, respectively, 

which are shown in figures 7. Here, the Frank-Condon and solvated states are represented as 

a Gaussian function,   
(      ) 

  , with       400 nm and 430 nm, respectively, and    30 

nm. We also consider that there is no inherent Stokes shift.  

 

 
Figure 7. At the same degree of heterogeneity (a difference of 30 nm in the spectral maxima of FC 
state and equilibrium state), REES and BEEmS are plotted as a function of     .  

 

Visual inspection of figure 7 suggests that even if there is a difference between    (   ) and 

   , REES can not be observed when      is higher. This means that REES sense the 

heterogeneity fairly only when      is lower (as in the case of viscous liquid or protein core) but 

fails miserably at higher      (as in the case of most of the molecular liquids and proteins in the 

denatured state). However, if there is a difference between    (   ) and    , BEEmS can be 

observed even when      is higher, and BEEmS can sense heterogeneity irrespective of      

value. The energy diagram representation of BEEmS is presented in figure 8. When the 

solvent relaxation time is greater than the excited state lifetime, one would see that the 

emission from the solvated state is mainly contributed by the moderately solvated species. 

Here, the solvent relaxation time is greater than the fluorescence lifetime, so the emission 

does take place before the relaxation. On the other hand, the emission at the blue edge of the 

emission spectrum will generate an excitation spectrum that is similar to the absorption 

spectrum of the less solvated molecules. Thus, there will be a shift of excitation spectra 
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state irrespective of the excitation wavelength (No REES 
in this case; see figure 6). The excitation spectrum taken 
at the emission maximum and at the red edge will have 
the contribution mainly from the highly solvated (red) 
species. The excitation spectrum recorded at the blue edge 
of the emission spectrum has the contribution mainly from 
the poorly solvated (blue) state with little assistance from 
moderately solvated (green) and highly solvated (red) 
species. In such a scenario, one sees a gradual shift in the 
excitation spectrum to the blue side as the probing emission 
wavelength shifts toward the blue edge of the emission 
spectrum. Even when emission originates primarily from 
the complete solvated state, the feeble contribution from 
the poorly solvated state can be photo selected, and BEEmS 
can be observed. 
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situation in BEEmS remains the same, and one 
would observe a shift in the excitation spectrum, 
and heterogeneity can be estimated.4

We used BEEmS to measure heterogeneity where 
REES failed. The usefulness of BEEmS and its recent 
applications are
(i) It is based on steady-state fluorimetry. Due to 

vast availability and simplicity in experiment 
and analysis, this method has the potential to be 
routinely used. 

(ii) It does not depend on environmental rigidity 
(unlike the famous REES). BEEmS depends on 
solvation feebly and can be utilized positively 
in many directions. Some taken examples are 
(a) It detects spatial heterogeneity in a so-called 
homogeneous deep eutectic solvent, (b) It 
furnishes that heterogeneity in the denatured 
state of a protein actually increases, which is 
expected from the textbook knowledge of protein 
folding-funnel hypothesis, yet very difficult to 
demonstrate experimentally. 

(iii) The available techniques, in general, cannot be 
applied to the multi domain proteins that form 
more than 70% of total proteins in Eukaryotes. 
Our method overcomes this drawback by 
providing domain-specific information of the 
heterogeneity. 

Conclusion:

This review attempts to give a comprehensive 
understanding on heterogeneity based on our most 
current investigations. A simple analytical model 
was constructed and validated to understand and 
predict dynamic heterogeneity in a media. We 
further argued that viscosity decoupling could 
be observed only if information of dynamics can 
be selectively acquired from microheterogeneous 
regions. We identified that while dynamically 
heterogeneous media will show a breakdown 
from the Stokes-Einstein (SE) relationship (p 
≠ 1), the vice-versa is not automatically true. 
Therefore, one should be cautious in relating 
viscosity decoupling to dynamic heterogeneity. 
We developed two novel analyses to determine 
dynamic heterogeneity from viscosity decoupling 

in a better way. One analysis is based on 
selective probing of different diffusion time 
regimes in a heterogeneous system from a single 
measurement and on photo-selection of different 
subpopulations in a heterogenous solvent. Next, 
the molecular level understanding of the source 
of dynamic heterogeneity has been correlated 
with structural heterogeneity. To get an actual 
estimate of the structural or spatial heterogeneity, 
the shift of excitation spectra at the blue edge of 
emission (BEEmS) has been presented as a new 
methodology. This newly developed method 
has some unique advantages, and owing to 
its experimental simplicity and analysis, it is 
expected to be used routinely by various scientific 
communities.
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D.E., L’Hôte, D., Ladieu, F. and Pierno, M., Science, 2005, 
310(5755), 1797-1800.

22. Richert, R., 1996.Physical Review B,1996, 54(22), 15762.
23. Ediger, M.D.,Annual Review of Physical Chemistry, 2000, 

51(1), 99-128.
24. Hu, Z. and Margulis, C.J., Proceedings of the National Academy 

of Sciences,2006, 103(4), 831-836.
25. Demchenko, A.P., Luminescence: the journal of biological and 

chemical luminescence, 2002, 17(1), 19-42.



10

ISRAPS Bulletin Vol. 36, Issue Number 1 & 2 January, 2024

Understanding the Interaction of Anesthetic Molecule with Lipids 
Using the Vibrational Sum Frequency Generation Spectroscopy

Biswajit Biswas, Prashant Chandra Singh*
School of Chemical Sciences, Indian Association for the Cultivation of Science, 

Jadavpur, Kolkata 700032 India
*sppcs@iacs.res.in 

Abstract

The interaction of the anesthetic molecules with lipids associated with the membrane is important 
to understand its action mechanism. In this study, we have performed the vibrational sum 
frequency generation (VSFG) study of the negatively charged air/DPPG/water and zwitterionic 
air/DPPC/water interface in the absence and presence of propofol has been performed. The OH 
stretch of water at the air/DPPG/water interface decreases with the addition of propofol which 
has been assigned to the reorganization of the hydrogen bonding of water molecules with the OH 
group of propofol. In contrast, the change in the OH stretch of water is marginal on the addition 
of the propofol which indicates that the probability of the interaction of propofol interaction with 
zwitterionic lipid is slim. This study indicates that propofol prefers to interact with the negatively 
charged lipid rather than the zwitterionic lipid associated with the membranes.   

Introduction: 

Anesthetic molecules are an important 
component of medical treatment, particularly 
in surgery. Anesthetic molecules disturb the 
nerve signal from the brain and body without 
inducing any pain and create a reversible state 
of unconsciousness. 2, 6-di-isopropylphenol 
(propofol, Figure 1) is frequently used anesthetic 
drug due to the favorable pharmacokinetic and 
pharmacodynamic profile.1 Propofol is used in 
several medical applications such as mechanical 
ventilation, intensive care unit, radiation therapy, 
and magnetic resonance imaging due to its less 
side effects than inhaler anesthetic molecules. 
The intrusion of propofol into the bloodstream 
depends on its diffusivity, partition coefficient, 
and acid-base equilibrium.2

Despite the use of general anesthetic 
molecules, its action mechanism is yet not well 
established. There are few candidates which 
have been recognized as possible targets of the 
anesthetic molecules.  Sodium channels are one 
of the primary targetsthat anesthetic molecules 

affect. Proposed mechanistic theories suggest 
that propofol can target membrane lipids, 
water, membrane-associated enzymes,and 
ion channels.3 It has been shown that Local 
anesthetics may interact with membrane lipids 
to change the fluidity, order, microviscosity, and 
permeability of membranes and also influence the 
electrostatic potential across lipid bilayers, which 
may affect the functions of voltage-gated ion 
channels.4Indeed, it has been recently suggested 
that the role of membrane lipids and specific 
membrane components in anesthetic mechanisms 
should be reverified. 4

In this study, we have studied the effect 
of propofol on the interfacial water beneath the 
negatively charged (1, 2-dipalmitoyl-sn-glycero-
3-phospho-rac-1-glycerol sodium salt (DPPG))
and zwitterionic (1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC))phospholipids(Figure 
1) using the state of the art vibrational sum 
frequency generation (VSFG) technique. It is well 
established that the VSFG technique provides 
information about the interface in a selective 
and sensitive manner.5-8 DPPG and DPPC lipids 
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are chosen as they are an integral part of the 
membranes. The findings suggest that The OH 
stretch of water at the air/DPPG/water interface 
decreases with the addition of propofol which 
has been assigned to the reorganization of the 
hydrogen bonding of water molecules with the 
OH group of propofol. In contrast, the change 
in the OH stretch of water is marginal on the 
addition of the propofol which indicates that 
the probability of the interaction of propofol 
interaction with zwitterionic lipid is slim. This 
study indicates that propofol prefers to interact 
with the negatively charged lipid rather than the 
zwitterionic lipid associated with the membranes. 

VSFG signal is detected bya photomultiplier 
tube (Hamamatsu, R11528) coupled with a 
monochromator (Princeton instruments, SP 
series). The VSFG signal from the z-cut quartz 
surface has been used to normalize the VSFG 
signal from the sample. All the measurements 
were performed at 298±3 K. Anionic DPPG and 
zwitterionic DPPC lipids were purchased from 
Sigma Aldrich. Lipid solutions were prepared in 
chloroform and spread on the water to form the 
monolayer. The propofol was purchased from 
Sigma-Aldrich and used in the same condition. 
The surface pressure (π) values of the lipids 
monolayer-water interfaces were35±5 mN/m 
depicted inthe liquid-compressed phase of 
lipids. The addition of propofol does not affect 
the surface pressure of the lipid monolayer 
significantly in the liquid-compressed phase.
Milli-Q water (18.2MΩcm resistivity) was used 
for sample preparation. The surface tension of 
the samples was measured using the Du Nouy 
ring (Kruss, Germany). 
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Methods and Materials

The details of the VSFG system have 
been described in detail elsewhere.8 Briefly, 
fundamental output from the Nd:YAG laser 
(EKSPLA, PL2231 series, pulse width: 25 ps, 
repetition rate: 50 Hz, wavelength:1064 nm) 
has been used to generate the visible pule (ω1) 
of 532 nm by the frequency doubling (EKSPLA, 
SFGH500). A tunable IR pulse (ω2, tunable 
wavelength:1300-4000 cm-1) has been generated 
by an optical parameter amplifier (EKSPLA, 
PG-501-DFG) which has been pumped by the 
remaining 532 nm. ω1and ω2 pulses have been 
overlapped spatially and temporally to generate 
the VSFG signal. The incident angles of ω1 and 
ω2 pulses are 58.2º and 55.6º, respectively. The 
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Figure 2:The SSP polarized VSFG spectra of the anionic air/DPPG/water interface in the 
presence of different concentrations of propofol.The surface pressure of DPPG during the 
measurement was 355 mN/m (~57.21.8 Å2/molecule) depicting the liquid compressed (LC) 
phase of lipid. The addition of propofol does not affect the surface pressure of lipids within the 
uncertainty of the measurement. 
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fact that water at the air/DPPG/ water is oriented due to the formation of the electric double layer 

created by the negative charge present in the head group of the DPPG lipid and counterion.9 
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air/DPPG/water interface decreases. With further increment of propofol, the intensity of the 

water at the air/water interface decreases, although, the intensity of the water at the 

Figure 2:The SSP polarized VSFG spectra of the anionic 
air/DPPG/water interface in the presence of different 
concentrations of propofol.The surface pressure of DPPG 
during the measurement was 35±5 mN/m (~57.2±1.8 Å2/
molecule) depicting the liquid compressed (LC) phase of 
lipid. The addition of propofol does not affect the surface 
pressure of lipids within the uncertainty of the measurement.

Results and Discussion 

Figure 2 shows the SSP polarized VSFG 
spectra of negatively charged air/DPPG/water 
interface in the absence and presence of the 
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different concentrations of propofol. The spectral 
feature in the range of 2800-300 cm-1 corresponds 
to the C-H stretch of the hydrocarbon chain of the 
DPPG lipid whereas the VSFG signal in the range 
of 3000-3600 cm-1 belongs to the OH stretch of the 
interfacial water in the beneath of air/DPPG/
water interface. The OH signal of water at the 
air/DPPG/ water interface is significantly higher 
(~5 times) than the air/water interface due to the 
fact that water at the air/DPPG/ water is oriented 
due to the formation of the electric double layer 
created by the negative charge present in the head 
group of the DPPG lipid and counterion.9

With the addition of 100 µM propofol, the 
intensity of the OH stretch of the water at the air/
DPPG/water interface decreases. With further 
increment of propofol, the intensity of the water 
at the air/water interface decreases, although, 
the intensity of the water at the air/DPPG/
water interface in the presence of 1.5mM is still 
higher than the case of air/water case. The higher 
signal of water at the lipid interface is due to the 
enhanced orientation of hydrogen-bondedwater 
due to the negative charge of the lipid. Hence, the 
decrease in the water signal on the addition of the 
DPPG could either be due to the reduction of the 

negative surface charge of the lipid or due to the 
rearrangement of the hydrogen bonding induced 
by the negative charge.  Propofol molecule has 
no charge; hence, it is not possible to screen the 
net surface charge of the DPPG lipid molecule. 
However, the propofol molecule has the OH 
group which can form the hydrogen bonding of 
the water molecules beneath to the air/DPPG/
water interface. Hence, the decrease in the water 
signal in the presence of the propofol could be 
due to the rearrangement of hydrogen bonding 
of water molecules with the propofol at the air/
DPPG/water interface rather than the charge 
screening effect.

TheVSFG spectrum of the C-H stretch of the 
hydrocarbon chain of DPPG at the air/DPPG/
water interface depicts signals at 2850, and 2875 
cm-1 along with relatively broad peaks with 
double peak features centered at 2950 and 2965 
cm-1, respectively.The spectral features at 2850 
and 2875 cm-1have been attributed to CH2-ss and 
CH3-ss of the hydrocarbon chain of DPPG lipid, 
whereas, broad features containing the peaks 
around 2950 and 2965 cm-1 have been assigned 
to its CH3-FR and CH3-as, respectively.10 The 
intensity of the C-H signal of lipids decreases 
with the addition of propofol. However, it is 
difficult to assignthis decrease as the change 
in the hydrocarbon of lipid molecules as the 
propofol molecules also have C-Hstretch which 
contributes to the same reason as well as the 
background single of the water molecules 
also decreases with the addition of propofol. 
Nevertheless, it is apparent from the data that 
propofol molecules may perturb the hydrogen 
bonding environment near the negatively 
charged lipid interface. 

Figure 3 shows the SSP-polarized VSFG 
spectra of the zwitterionic air/DDPC/water 
interface in the absence and presence of the 
different concentrations of propofol. The VSFG 
spectrum of the air/DPPC/water interface is 
in accordance with the earlier studies as the 
intensity of the water signal at the air/DPPC/
water interface is higher than that in the air/
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Figure 3: (a) The SSP polarized VSFG spectra of 
zwitterionic air/DPPC/water interface on the addition of 
different concentrations of dopamine. The changes in the 
CH3-ss, CH2-ss, and CH3-ss/CH2-ss of the hydrocarbon 
chain of DPPC for the various concentrations of dopamine 
are depicted in (b), (c), and (d), respectively. The surface 
pressure of the DPPC during the measurement was 35±5 
mN/m (~44.5±1.2 Å2/molecule) depicting the LC phase 
of the lipid. The addition of dopamine does not affect the 
surface pressure of lipids within the uncertainty of the 
measurement.
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water interface (Figure S1c). Irrespective of the 
zero net charge on DPPC, it possesses a higher 
dipole moment (~24 Debye) due to the presence 
of NH3

+ and PO4
-. In earlier studies, it has been 

suggested that the high dipole moment of the 
DPPC orient the surface water which results in 
the higher VSFG signal of interfacial water at the 
air/DPPC/water than the air/water interface.11 
With the addition of propofol, the OH stretch 
signal of water changes marginally. Similarly, 
the change in the C-H stretch of the hydrocarbon 
change of DPPC lipid is almost unchanged with 
the addition of propofol. The change in the 
O-H stretch of water and the C-H stretch of the 
hydrocarbon chain of the lipid indicates that 
propofol does not prefer to interact with the 
zwitterionic lipid.

Conclusion

In order to understand the possible 
interaction of the anesthetic propofol with the 
lipid molecules associated with the membrane, 
the VSFG study of the negatively charged air/
DPPG/water and zwitterionic air/DPPC/water 
interface in the absence and presence of propofol 
has been performed. The OH stretch of water at 
the air/DPPG/water interface decreases with the 
addition of propofol which has been assigned to 

the reorganization of the hydrogen bonding of 
water molecules with the OH group of propofol. 
In contrast, the change in the OH stretch of water 
is marginal on the addition of the propofol which 
indicates that the probability of the interaction 
of propofol interaction with zwitterionic lipid is 
slim. This study indicates that propofol prefers to 
interact with the negatively charged lipid rather 
than the zwitterionic lipid associated with the 
membranes. 
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Abstract

Mn-doping intohalide perovskite nanocrystals (PNCs)may lead to outstanding optical, electrical, 
and magnetic properties. In the last few years, extensive research efforts have been devoted to 
tailoring different synthesis strategies to dope Mn into PNCs, leading to exciting optoelectronic 
properties. In this review, we have highlighted our recent contribution to developing the field of 
Mn-doped PNCs. In particular, we have emphasized the Mn-doping-induced quantum confinement 
effect in the perovskite host via lattice rearrangement. We then summarized the unique interfacial 
Mn-doping into low-dimensional perovskites using oleylamine as a shuttling ligand that transports 
Mn from the aqueous to non-aqueous phase and finally delivers to the PNCs. Such a strategy allows 
us to incorporate Mn in as low as 1.2 nm layer perovskite NPls, the smallest reported so far, with the 
simultaneous emergence of exceptional optical properties, e.g. giant exciton Stokes shift. A charge 
transfer phenomenon via transient Mn3+ is proposed to account for the observation of giant exciton 
Stokes shift. Ultrafast exciton-to-dopant energy transfer dynamics and their thickness dependence 
are also discussed. Finally, the development of chemically coupled, photostableMn-doped PNCs 
and Ca-quinolate complex nanocomposite is discussed in the context of a stable white light emitter.

Introduction

Semiconductor nanocrystals (NCs) or, 
quantum dots (QDs)offer tunable optical 
properties that enable their multi-dimensional 
use in photovoltaics, optoelectronics, bioimaging, 
etc. which is the underlying reason for rewarding 
the Nobel Prizein chemistry for the discovery and 
synthesis of quantum dotsin 2023. The research 
on QDs started in the early 80’s and expanded 
manifold during 90’s triggered by the seminal 
work by Bawendiet. al. for the synthesis of size-
controlled colloidal QDs.1Beyond conventional 
QDs, several other nanocrystalline materials 
emerge, e.g. perovskite nanocrystals, graphene, 
two-dimensional chalcogenides, carbon dots, 
etc. which are also contributing to the growth of 
this field.

In particular, lead-halide perovskite 
nanocrystals (PNCs) are gaining increasing 
attention incontemporary research due to their 

unique physical properties and novel application 
possibilities like single-photon emitters for 
quantum technologies.2By controlling the 
size and composition, one can easily tune the 
optical properties of PNCs in the entire visible 
region.3, 4In addition, the introduction of dopant 
impurities e.g.,Mn2+also enables tunable optical, 
electrical, and magnetic properties of PNCs.5The 
introduction of Mn2+ ions in PNCs leads to strong 
exciton-dopant interaction, enabling exciton-to-
dopant energy and charge transfer processes, 
and is responsible for promising performance in 
light-emitting-diodes (LEDs) and solar cells.6-9 
The transfer of exciton energy to the Mn dopant 
is the underlying reason for the observation of 
orange emission due to the spin-forbidden 4T1 – 
6A1 transition (Mn2+ d –d transition). Researchers 
are often engaged with the improvement of the 
Mn-emission via the energy transfer process, 
whereas the influence of doping on the lattice 
arrangement and the subsequent effect on 
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the exciton remains elusive and needs to be 
understood from a fundamental point of view.

From the synthesis perspective, most 
reports use a direct colloidal synthesis approach 
to produce high-quality Mn-doped lead-halide 
PNCs, where all the precursors are taken into 
one pot and Cs-precursor is injected at high 
temperature (hot-injection method).5, 10 However, 
in this approach the Mn-precursor (e.g. MnCl2) 
faces strong competition from the Pb-precursor 
(PbCl2) due to bond energy mismatch, leading to 
less effective Mn-doping. In contrast, the post-
synthetic approach has emerged as a versatile 
method for the chemical transformation of PNCs, 
both in terms of phase structure composition and 
morphology.4, 11, 12 The post-synthetic approach 
has been used for doping in PNCs on a few 
occasions, however, is often limited to single 
phase and/or miscible bi-phase where the 
presence of miscible polar solvent (e.g. DMF, 
acetone, HBr) sacrifices quality and stability of 
the product.

In this review, we first highlight the influence 
of Mn-dopant on the excitons in CsPbBr3 
perovskite nanocubes via lattice arrangement. 
Our results suggest incorporation of Mn-dopant 

leads to quantum confinement of the host 
perovskite excitons. We then highlight some of 
our recent developments of post-synthetic Mn-
doping in low-dimensional perovskites via water-
hexane interfacial strategy. This unique approach 
allows us to incorporate Mn in as small as 1.2 nm 
perovskite layer, which is the smallest Mn-doped 
perovskite system reported and leads to the 
emergence of distinctive optical properties. The 
exciton-to-Mn energy transfer dynamics also has 
been discussed via ultrafast spectroscopy which 
proceeds in 100’s of ps timescale. Finally, we 
show that Mn-doped PNC-based nanocomposite 
may result in the development of a photostable 
white-light-emitter with properties close to the 
bright mid-day sunlight.

Mn-doping induced exciton quantum 
confinement

We developed a simple one-pot approach13 
for synthesizing Mn-doped CsPbCl3 NCs, 
where along with PbCl2 and MnCl2 precursors, 
Cs-precursors were also added in the reaction 
vessel, unlike other typical recipes where Cs-
precursor is injected at high temperature. All the 
precursors, together with ligands and solvent 
were then subjected to tip-sonication for ~15 

observed a continuous blue shift of the absorption and PL spectra with increasing Mn-amount. 

All these observations suggest quantum confinement of the excitons upon Mn incorporation. 

As Mn2+ is supposed to replace Pb2+ during doping, one should expect it would also alter the 

lattice rearrangement since the size of both atoms differs. To this end, we performed 

atomically resolved high-angle annular dark-field scanning transmission electron microscopy 

(HAADF-STEM). As shown in Fig. 1e, f, one can evidently see multiple atomic dislocations 

within a single nanocrystal. Further, these defects were identified as Ruddlesden-Popper 

(R.P.) defects, where the (Pb/Mn)-Cl atomic planes are shifted by half a unit cell at the border 

of the defects. Similar R.P. defects were also observed in pure as well as mixed halide 

perovskites.14, 15 The individual domains separated by these R.P. defects can confine charge 

carriers, leading to quantum confinement of excitons upon Mn-doping, as evident from the 

optical measurements. The quantum confinement of excitons in the subdomains within a 

single NC may result in enhanced exciton oscillator strength that possibly contributes to the 

observation of pronounced exciton resonance in Fig. 1d. 

 

Figure 1. a) Schematic of the synthesis method for the one-pot Mn-doped CsPbCl3 NCs via 

tip-sonication. The photographs of the obtained solution under daylight and UV light are also 

shown. b) Crystal structure of Mn-doped CsPbCl3. Optical absorption and PL spectra of c) 

CsPbCl3 and d) Mn-doped CsPbCl3 NCs.e, f) Atomically resolved HAADF-STEM image of 

Mn-doped CsPbCl3 NCs, clearlyshowing the R.P. defect planes (red: Pb/Mn-Cl, green: Cs). 

The lattices are shifted half a unit cell at the grain boundary.13 

 

Figure 1. a) Schematic of the synthesis method for the one-pot Mn-doped CsPbCl3 NCs via tip-sonication. The photographs 
of the obtained solution under daylight and UV light are also shown. b) Crystal structure of Mn-doped CsPbCl3. Optical 
absorption and PL spectra of c) CsPbCl3 and d) Mn-doped CsPbCl3 NCs.e, f) Atomically resolved HAADF-STEM image 
of Mn-doped CsPbCl3 NCs, clearlyshowing the R.P. defect planes (red: Pb/Mn-Cl, green: Cs). The lattices are shifted half 
a unit cell at the grain boundary.13
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mins, resulting formation of Mn-doped CsPbCl3 
NCs, which were then centrifuged to purify the 
product (Fig. 1a, 1b). The optical absorption and 
photoluminescence (PL) spectra of undoped and 
Mn-doped CsPbCl3 NCs are shown in Fig. 1c and 
1d, respectively. While undoped CsPbCl3 NCs 
have typical exciton absorption at ~390 nm and 
PL emission at ~400 nm, the Mn-doped CsPbCl3 
NCs show an additional broad PL emission at 
~600 nm, corresponding to the orange emission. 
The appearance of orange emission due to the 
Mn2+ d –d transition confirms the successful 
incorporation of Mn2+ into the CsPbCl3 lattice. 

In addition to the Mn-related PL at 600 nm, 
there are two more distinct differences present 
in the optical spectraof the undoped and doped 
NCs in Fig. 1c, 1d. One can clearly see the exciton 
absorption becomes more pronounced upon 
Mn-doping (grey shaded areas), along with a 
significant reduction in the exciton Stokes shift 
(13 nm vs. 5 nm). Importantly, we observed a 
continuous blue shift of the absorption and PL 
spectra with increasing Mn-amount. All these 
observations suggest quantum confinement of 
the excitons upon Mn incorporation. As Mn2+ 
is supposed to replace Pb2+ during doping, one 
should expect it would also alter the lattice 
rearrangement since the size of both atoms 
differs. To this end, we performed atomically 
resolved high-angle annular dark-field scanning 
transmission electron microscopy (HAADF-
STEM). As shown in Fig. 1e, f, one can evidently 
see multiple atomic dislocations within a single 
nanocrystal. Further, these defects were identified 
as Ruddlesden-Popper (R.P.) defects, where the 
(Pb/Mn)-Cl atomic planes are shifted by half 
a unit cell at the border of the defects. Similar 
R.P. defects were also observed in pure as well 
as mixed halide perovskites.14, 15 The individual 
domains separated by these R.P. defects can 
confine charge carriers, leading to quantum 
confinement of excitons upon Mn-doping, 
as evident from the optical measurements. 
The quantum confinement of excitons in the 
subdomains within a single NC may result in 
enhanced exciton oscillator strength that possibly 

contributes to the observation of pronounced 
exciton resonance in Fig. 1d.

Mn-doping at the water-hexane interface 
using a shuttling ligand

While the previously described one-pot 
strategy is quite appealing for Mn-doped PNC 
synthesis, one of the limitations is the limited 
solubility of Mn-salt in organic solvent, leading 
to less efficient Mn-loading. We find Mn-halide 
salt has maximum solubility in an aqueous 
medium, and therefore, it would be great if 
one can transport Mn-salt from aqueous to a 
non-aqueous phase where perovskite resides, 
for doping. Although perovskites are extremely 
unstable in the presence of water and moisture, 
recent reports on the chemical transformation of 
PNCs via a water-triggered strategy16-18 motivated 
us to develop a unique strategy for Mn-doping 
at the water-hexane interface. In this approach,19 
we first prepared CsPbBr3nanoplatelets (NPls) 
in hexane following a previous recipe, on which 
different amount of MnBr2 dissolved aqueous 
solution was added in 40:1 ratio at room 
temperature and stirred for 1 h (Fig. 2a). The 
blue PL of the CsPbBr3NPls was then turned 
into pinkish orange under UV-light, indicating 
formation of Mn-doped CsPbBr3NPls. The 
HAADF-STEM images in Fig. 2b – e clearly show 
the formation of undoped and Mn-doped NPls, 
where no obvious change in the morphology was 
observed upon Mn incorporation. Fig. 2f depicts 
the optical absorption and PL spectra of undoped 
and Mn-doped CsPbBr3NPls. The undopedNPls 
show strong exciton resonance at 456 nm and a 
single PL emission at 461 nm, corresponding to 
the 5 monolayer (ML) thickness ofthe NPls. As 
the MnBr2 concentration increases in water (from 
2M to 7M) during the interfacial synthesis, a new 
broad PL emission in 550 – 700 nm is apparent 
due to Mn-related d –d transition, implying 
successful doping.The intensity of the Mn-PLat 
618 nm increases with increasing Mn-amount 
in water, though the exciton absorption and PL 
peaks remain unchanged. The success of the 
doping is also confirmed via other techniques, 
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such as electron paramagnetic resonance (EPR) 
spectroscopy, and Inductively Coupled Plasma-
Optical Emission-Spectrometry (ICP-OES).

To understand the doping mechanism at the 
water-hexane interface, and more importantly, 
how the Mn-salt is transported from the aqueous 
to non-aqueous phase, we carefully performed a 
set of controlled measurements using a two-step 
synthesis (TPS) strategy. As there are different 
ligands, e.g. oleic acid (OA), and oleylamine 
(OLA) present, we believe they might have 
played a major role in the Mn-salt transportation. 
In an ideal TPS strategy, the first step is to obtain 
Mn-salt in the hexane phase from water using 
only one type of ligand to understand the role 

of each ligand individually. In the second step, 
this Mn-enriched hexane solution is added to 
NPls to achieve the doping. Generally, Mn-salt 
saturated aqueous solution is added to hexane 
solution containing only one type of ligand 
and vortexed for 1 min. Then the upper phase 
is carefully taken out, primarily containing 
ligands in hexane, and added to NPls solution. 
PL under UV-light as well as PL spectra of the 
corresponding solutions for different precursors 
(e.g., individual Mn-salt, ligand OLA or, OA) are 
shown in Fig. 2g. When OLA is used as a ligand 
and MnX2(X=Cl, Br) is used in the first step, Mn-
doping is successful and can be evident from 
the appearance of pinkish orange color under 

role of OLA but also the critical role of halides in maintaining a proper octahedral factor for 

Mn2+ doping in perovskites.  

 

Figure 2. a) Schematic presentation of MnX2 doping at the water-hexane interface using OLA 

shuttle ligand. The photographs of undoped and Mn-doped CsPbBr3NPls under UV light are 

shown in the inset. b, d) HAADF-STEM images of undoped and Mn-doped CsPbBr3NPls, 

and the corresponding high-resolution images in c, e), respectively.f) UV-vis absorption and 

PL spectra of undoped and Mn-doped NPls, with various MnBr2 concentrations (2M to 7M) 

in the water. (Inset) expanded PL spectra in the 550 – 700 nm region. g) Two-step Mn-doping 

strategy at the water-hexane interface to confirm the shuttling role of OLA. At first, a mixture 

of appropriate ligands in hexane and Mn-salt in water is shown under daylight. The upper 

phase is then added to CsPbBr3NPls, and the resulting solutions under UV light are shown. 

The corresponding PL spectra are also shown on the right.19 

 

Charge and energy transfer processes in Mn-doped CsPbX3NPls 

Figure 2. a) Schematic presentation of MnX2 doping at the water-hexane interface using OLA shuttle ligand. The 
photographs of undoped and Mn-doped CsPbBr3NPls under UV light are shown in the inset. b, d) HAADF-STEM images 
of undoped and Mn-doped CsPbBr3NPls, and the corresponding high-resolution images in c, e), respectively.f) UV-vis 
absorption and PL spectra of undoped and Mn-doped NPls, with various MnBr2 concentrations (2M to 7M) in the water. 
(Inset) expanded PL spectra in the 550 – 700 nm region. g) Two-step Mn-doping strategy at the water-hexane interface 
to confirm the shuttling role of OLA. At first, a mixture of appropriate ligands in hexane and Mn-salt in water is shown 
under daylight. The upper phase is then added to CsPbBr3NPls, and the resulting solutions under UV light are shown. 
The corresponding PL spectra are also shown on the right.19
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UV-light as well as broad Mn-PL, peaking at 
~624 nm (Fig. 2g). However, the reaction fails 
when OA is used in the first step instead of 
OLA, for both MnBr2 and MnCl2, as the solution 
still remains blue under UV-light and no broad 
PL emission is observed around 600 nm. This 
observation clearly suggests the critical role of 
OLA in the transportation of Mn-halide salt from 
the aqueous to non-aqueous phase, where OLA 
acts as a shuttling ligand. Here, it is important to 
note that OLA transports Mn-halide as a whole 
from the aqueous to non-aqueous phase where 
not only Mn2+ is incorporated but also halide ion 
exchange takes place. This is evident from the 
OLA/MnCl2 case, where the exciton PL peak 
is also blue shift to 409 nm from 461 nm due to 
the formation of Mn-doped CsPb(Br/Cl)3NPls. 
Importantly, the Mn-PL emission becomes much 
more intense due to an efficient exciton-to-dopant 
energy transfer phenomenon in the Cl-Br mixed 
halide NPls.

When we performed the reaction using 
Mn(NO3)2 in the presence of OLA, the upper 
phase turned brownish, indicating Mn2+ is 
transported to hexane from water. However, 
when the upper phase comprising Mn2+ is added 
to the NPls solution, doping was unsuccessful, 
as no Mn-PL was observed and the solution 
remain blue under UV light. Here although 
Mn(NO3)2 is transported to the hexane phase, it 
cannot achieve doping, indicating a critical role 
of halides, without which the doping failed. A 
similar result was also observed with Mn-acetate 
salt.20We propose during entering from water 
to hexane, Mn2+ remains in coordination with 
the anions (X-, NO3

2-) and OLA. In the presence 
of halides, Mn2+ form a high-spin complex with 
an effective ionic radius of 83 pm, while for the 
NO3

2- it form a low-spin complex, having a less 
effective ionic radius (67 pm). Such a decrease 
in ionic radius reflects a drop in the octahedral 
factor for the crystal structure containing Mn2+ 
and Br- from 0.42 to 0.34, falling out of the possible 
radius ratio (0.41 to 0.9). As a result, Mn2+ from 
Mn(NO3)2 cannot sufficiently stabilize the crystal 

structure and thus is unlikely to replace Pb2+ 
to form Mn-doped CsPbBr3NPls. Overall, the 
beautiful interfacial strategy not only reveals the 
shuttling role of OLA but also the critical role of 
halides in maintaining a proper octahedral factor 
for Mn2+ doping in perovskites. 

Charge and energy transfer processes in Mn-
doped CsPbX3NPls

The newly developed water-hexane 
interfacial strategy allows us to prepare thickness-
dependent Mn-doping in CsPbX3NPls, down to 
2 ML thickness, corresponding to as small as 
a 1.2 nm layer.20 Fig. 3a compares the optical 
absorption and PL spectra of 2 – 5 ML undoped 
CsPbBr3NPls, prepared at room temperature. Fig. 
3b compares the optical spectra of corresponding 
Mn-incorporated CsPbCl3NPls, showing clear 
Mn-PL between 550 – 700 nm, where MnCl2 was 
used during the water-hexane interfacial doping. 
The 2 ML undopedNPls shows a strong exciton 
resonance at ~425 nm and the corresponding PL 
at ~428 nm (Fig. 3a). The 2 ML Mn-doped NPls 
shows an even stronger resonance at ~343 nm 
(Fig. 3b), which is strongly blue-shifted than 
the undoped counter-part due to Cl-exchange, 
as the doping was performed using MnCl2 
aqueous solution. The sharp resonance in the 
absorption spectrum is attributed to strong 
quantum confinement along the 1.2 nm thickness 
direction, which is much smaller than the 
excitonBohr radius of CsPbBr3. With increasing 
thickness of the NPls, the absorption spectra 
become broad and both absorption and PL red 
shift in the undopedNPls (Fig. 3a). In contrast, 
although the exciton absorption becomes broad 
and red-shifted with increasing thickness in the 
Mn-doped NPls, the PL stays nearly unaltered 
(Fig. 3b). In effect, the exciton Stokes shift 
becomes much higher in Mn-doped NPls than 
the corresponding undopedNPls. In Fig. 3c, we 
have shown the comparison of exciton Stokes 
shift of the undoped and Mn-doped NPls, as 
a function of thickness, while Fig. 3d depicts 
the corresponding exciton PL peak positions. 
One can evidently see that the exciton Stokes 



19

ISRAPS Bulletin Vol. 36, Issue Number 1 & 2 January, 2024

recombination of this electron with the hole in the 5E state of Mn3+ gives the characteristic PL, 

which is highly Stokes shifted. Earlier charge transfer phenomenon and detection of transient 

Mn3+ has been observed both theoretically and experimentally in semiconductor NCs, 

including perovskite materials.7-9, 21, 22 Here, the PL peak position in Mn-doped NPls is 

strongly dependent on the host conduction band and the 5E state of the Mn3+. The energetic 

position of the atomic-like 5T2 – 5E states of the Mn3+ are generally independent of the host 

lattice, similar to the 4T1 – 6A1 states in the Mn2+.23 Thus, upon decreasing the thickness, the 

bandgap of the Mn-doped NPls increases, but the energetic position of the 5T2 – 5E remains 

nearly unchanged. Consequently, the PL emission of the Mn-doped NPls remains nearly 

unaltered with the thickness variation as shown in Fig. 3d.  

 

Figure 3. UV-vis absorption and PL spectra of 2 – 5 ML a) CsPbBr3NPls and b) Mn-doped 

CsPbCl3NPls. c) Exciton Stokes shift and d) Exciton PL peak position of the undoped and 

doped NPls as a function of the NPl thickness. e) Proposed model for the highly enhanced 

Stokes shift in theMn-dopedNPls via formation of the transient Mn3+.20 

 

Figure 3. UV-vis absorption and PL spectra of 2 – 5 ML a) CsPbBr3NPls and b) Mn-doped CsPbCl3NPls. c) Exciton Stokes 
shift and d) Exciton PL peak position of the undoped and doped NPls as a function of the NPl thickness. e) Proposed model 
for the highly enhanced Stokes shift in theMn-dopedNPls via formation of the transient Mn3+.20

shift increases drastically to ~600 meV upon 
Mn-doping in 2 ML (i.e. 1.2 nm thick) NPls in 
comparison to the 2 ML undopedNPls where 
only ~25 meV Stokes shift was observed (Fig. 3c). 
With increasing the thickness, the exciton Stokes 
shift decreases in the doped NPls, while reverse 
phenomena were observed in the undopedNPls. 
Importantly, from Fig. 3dit appears the exciton PL 
peak is thickness independent in the Mn-doped 
NPls, in contrast to the undopedNPlswhere 
strong thickness dependence was observed. In the 
Mn-doped NPls,the exciton PL always appears at 
427 nm, except at 2 ML thickness where slightly 
blue-shifted PL (~412 nm) was observed.

To explain the origin ofthe highly enhanced 
exciton Stokes shift in the Mn-doped CsPbCl3 
NPls, we proposed the following model, shown 
in Fig. 3e. Upon photoexcitation, the electron-hole 
pair is generated in the Mn-dopedCsPbCl3 NPls, 

and subsequently in an ultrafast timescale, the 
hole may transfer to Mn2+, leading to the formation 
of transient Mn3+, which is now ready to accept 
an electron from the conduction band of the host 
NPls. The recombination of this electron with the 
hole in the 5E state of Mn3+ gives the characteristic 
PL, which is highly Stokes shifted. Earlier charge 
transfer phenomenon and detection of transient 
Mn3+ has been observed both theoretically and 
experimentally in semiconductor NCs, including 
perovskite materials.7-9, 21, 22 Here, the PL peak 
position in Mn-doped NPls is strongly dependent 
on the host conduction band and the 5E state of 
the Mn3+. The energetic position of the atomic-
like 5T2 – 5E states of the Mn3+ are generally 
independent of the host lattice, similar to the 4T1 
– 6A1 states in the Mn2+.23 Thus, upon decreasing 
the thickness, the bandgap of the Mn-doped NPls 
increases, but the energetic position of the 5T2 – 5E 
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remains nearly unchanged. Consequently, the PL 
emission of the Mn-doped NPls remains nearly 
unaltered with the thickness variation as shown 
in Fig. 3d. 

The energy transfer (ET) dynamics from 
the host NPls to the Mn-dopant were also 
investigated by ultrafast transient absorption 
(TA) spectroscopy.19Fig. 4a and 4d depict 
TA spectra at a few different time delays of 
the undoped and Mn-doped CsPbBr3NPls, 
corresponding to 4 ML thickness (the pristine 
NPls were prepared at 100 °C). Fig. 4c shows the 
corresponding TA time traces at the bleaching 
maxima. While the early time TA traces look 
very similar, the TA kinetics becomes much faster 
at a longer timescale in the Mn-doped CsPbBr3 
NPls. The major difference between theundoped 
and Mn-doped NPls is that the Mn-doped NPls 
has an additional deactivation channel via ET to 
the Mn-dopant, leading to the Mn-PL (Fig. 4d). 
Therefore, the faster recombination kinetics at 
the longer time delays is assumed to be due to 

the exciton-to-dopant ET process. To quantify the 
ET timescale, we subtracted the two transients 
(after normalizing at a longer time delay of ~1 
ns) (inset in Fig. 2c). The exponential fitted time 
constant reveals the ET timescale of ~168 ps for 
this sample. The ET timescale of the Mn-180 NPls, 
which corresponds to 5 ML thickness, is also 
estimated similarly to show an even slower ET 
timescale (~311 ps). The ET efficiency of these two 
samples (4 ML and 5 ML doped) was estimated 
to be ~91% and ~73%, respectively.

Application of Mn-doped Perovskite NCs as 
aPhotostable White-light-emitter

In the above sections,we have summarized 
the optical tunability of several Mn-doped low-
dimensional perovskites which were obtained 
via different synthesis approaches. In this section, 
we will highlight how we have utilized such Mn-
doped perovskites for their possible application 
as white-light emitters. We chose orange emitting 
Mn-doped CsPbCl3 NCs (HPNCs) and cyan 

The energy transfer (ET) dynamics from the host NPls to the Mn-dopant were also 

investigated by ultrafast transient absorption (TA) spectroscopy.19Fig. 4a and 4d depict TA 

spectra at a few different time delays of the undoped and Mn-doped CsPbBr3NPls, 

corresponding to 4 ML thickness (the pristine NPls were prepared at 100 °C). Fig. 4c shows 

the corresponding TA time traces at the bleaching maxima. While the early time TA traces 

look very similar, the TA kinetics becomes much faster at a longer timescale in the Mn-doped 

CsPbBr3 NPls. The major difference between theundoped and Mn-doped NPls is that the Mn-

doped NPls has an additional deactivation channel via ET to the Mn-dopant, leading to the 

Mn-PL (Fig. 4d). Therefore, the faster recombination kinetics at the longer time delays is 

assumed to be due to the exciton-to-dopant ET process. To quantify the ET timescale, we 

subtracted the two transients (after normalizing at a longer time delay of ~1 ns) (inset in Fig. 

2c). The exponential fitted time constant reveals the ET timescale of ~168 ps for this sample. 

The ET timescale of the Mn-180 NPls, which corresponds to 5 ML thickness, is also 

estimated similarly to show an even slower ET timescale (~311 ps). The ET efficiency of 

these two samples (4 ML and 5 ML doped) was estimated to be ~91% and ~73%, 

respectively. 

 

Figure 4. Transient absorption spectra at different time delays of the a) undoped and b) Mn-

doped CsPbBr3NPls. c) Corresponding kinetics at the bleaching maxima. (Inset) the 

Figure 4. Transient absorption spectra at different time delays of the a) undoped and b) Mn-doped CsPbBr3NPls. c) 
Corresponding kinetics at the bleaching maxima. (Inset) the difference between the two kinetics (∆∆A), after normalizing 
at a longer time delay (~ns). The solid red line is the exponential fit. d) Schematic within the exciton picture, showing 
exciton PL in the undoped and both exciton and Mn-PL in the Mn-doped NPls.19
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emitting calcium quinolate (CaQ2) complex 
to fabricate a nanocomposite (Fig. 5a).24 The 
nanocomposite was found be to photostable as 
compared to the Mn-doped CsPbCl3 HPNCs 
due to surface chloride-calcium interaction. 
Fig. 5b and 5c show the TEM and HRTEM 
images of Mn-doped CsPbCl3 HPNCs, revealing 
the cubic morphology of the nanocrystals. 
The TEM and HRTEM images of the CaQ2-
HPNCs nanocomposite are shown in Fig. 5d, 5e, 
indicating the unchanged size and shape of the 
nanocrystals. The inverse fast Fourier transform 
(I-FFT) pattern also shows a similar lattice 
spacing of 0.4 nm, corresponding to the (110) 

plane (Fig. 5c and 5e).As shown in Fig. 5f, the 
PL spectrum of the Mn-doped CsPbCl3 HPNCs 
(thin film) shows excitonic PL at 405 nm and 
Mn-related broad PL at 585 nm, corresponding 
to color chromaticity coordinate of (0.47, 0.42) 
(Fig. 5g).This results in orange emission under 
UV-light (both in solution and thin film), see 
Fig. 5h. The PL spectrum of the CaQ2-HPNCs 
nanocomposite (Fig. 5f) shows triple emission, 
peaking at 405 nm, 464 nm and 585 nm, where 
the emission at 464 nm (cyan) comes from 
the CaQ2 complex. In effect, the synchronized 
contribution of the triple emission from the 
nanocomposite leads tothe emergence of white 

chromaticity coordinate of (0.315, 0.33) (Fig. 5i, 5j), and is indicative of the bright future of 

such doped NPls.20 

 

Figure 5. a) Schematic illustration of the formation of CaQ2-HPNCs nanocomposite. b-e) 

TEM and HRTEM images of Mn-doped CsPbCl3 HPNCs and Mn-doped CsPbCl3 

HPNCs/CaQ2 nanocomposite. Inset in c) and e) shows I-FFT analysis of the corresponding 

samples. f) PL spectra, g) color chromaticity coordinates, and h) digital photographs under 

UV light of the solid (thin film) and liquid (for photographs) HPNCs and CaQ2-HPNCs.i) 

Digital photographs under UV-light and j) color chromaticity coordinate of the Mn-doped 

CsPbCl3NPls and the corresponding white light emitter.20, 24 

 

Conclusion 

To summarize, we have discussed incorporation of Mn-dopant in perovskite NCs may lead to 

excitonquantum confinement of the host NCs by introducing lattice rearrangement via R.P. 

Figure 5. a) Schematic illustration of the formation of CaQ2-HPNCs nanocomposite. b-e) TEM and HRTEM images of 
Mn-doped CsPbCl3 HPNCs and Mn-doped CsPbCl3 HPNCs/CaQ2 nanocomposite. Inset in c) and e) shows I-FFT analysis 
of the corresponding samples. f) PL spectra, g) color chromaticity coordinates, and h) digital photographs under UV light 
of the solid (thin film) and liquid (for photographs) HPNCs and CaQ2-HPNCs.i) Digital photographs under UV-light and 
j) color chromaticity coordinate of the Mn-doped CsPbCl3NPls and the corresponding white light emitter.20, 24
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light emission (in both solution and solid-state, 
Fig. 5h). The corresponding color chromaticity 
coordinate of the photostablenanocomposite 
was found to be (0.33, 0.32). Importantly, we 
estimated the color rendering index (CRI) of 80, 
correlated color temperature (CCT) of 5483 K, and 
quantum yield of 54.1%for the nanocomposite, 
all directing properties very close to the bright 
mid-day sunlight. We have also fabricated a 
white light emitter using the giant exciton Stokes 
shifted Mn-doped CsPbCl3NPls by making a 
nanocomposite with CsPbBr3 NCs, which shows 
color chromaticity coordinate of (0.315, 0.33) (Fig. 
5i, 5j), and is indicative of the bright future of 
such doped NPls.20

Conclusion

To summarize,  we have discussed 
incorporation of Mn-dopant in perovskite NCs 
may lead to excitonquantum confinement of the 
host NCs by introducing lattice rearrangement 
via R.P. defects. We then discussed a unique 
ligand shuttling approach for Mn-doping in 
low-dimensional perovskites at the water-
hexane interface. Such a unique strategy allows 
us to incorporate Mn in as small as 1.2 nm thick 
NPls, the smallest reported so far. This opens 
distinctive optical properties e.g., giant exciton 
Stokes shift of 600 meV as compared to only 
25 meV in the corresponding undopedNPls 
due to charge transfer via the transient Mn3+ 
intermediate, which may be found important 
avenue in light emitting devices, e.g., as white 
light emitter. We further discussed the exciton-
to-Mndopant energy transfer dynamics and 
their thickness dependence in the Mn-doped 
CsPbBr3NPls. Finally, we prepared a photostable 
white light emitter by chemically coupling 
orange-emitting Mn-doped CsPbBr3 NCs 
and cyan-emitting CaQ2 complex. We believe 
the review composed of a unique interfacial 
Mn-doping strategy, and the physical and 
optoelectronic insights of several Mn-doped low-
dimensional perovskites maystimulate advanced 
optoelectronic applications.
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Introduction

In recent years, luminescent Inorganic-
organic nanohybrids are continued to be a 
subject of intense research, with ongoing efforts 
to optimize their synthesis methods and explore 
new applications across various scientific and 
technological domains.1-8 Typically, these hybrid 
nanostructures are created by incorporating 
colloidal nanomaterials and organic dye/ organic 
dye aggregates, wherein the nanomaterials serve 
as donors for electronic excitation energy or 
electron transfer, and the dye/dye aggregates 
act as acceptors. It is known that the majority 
of excited state energy transfers are mediated 

through Förster resonance energy transfer 
(FRET).9-10FRET is a non-radiative energy transfer 
mechanism occurring from a photoexcited donor 
to an acceptor through dipole–dipole interactions. 
This phenomenon, typically effective within a 
range of less than 10 nanometers, serves as a 
crucial tool for precisely measuring dynamic 
changes between molecular donor–acceptor 
pairs within diverse complex macromolecular 
systems.11-15 The combination ofa donor-acceptor 
couple comprisedof inorganic-organic hybrid 
associates can lead to synergistic effects, resulting 
in unique optical, electrical, magnetic, and 
catalytic properties that differ from those of the 
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Abstract

With an aim to understand the interaction between the inorganic and organic constituents 
in inorganic-organic hybrid nanomaterials, we have engineered a nanocomposite system, 
composed of inorganic fluorescent bimetallic nanoparticles (F-AgAu) and organic dye (rhodamin 
B isothiocyanate, RBITC) which is different from prior hybrid systems that are incorporated by 
electrostatically driven self-assembly of fluorescent inorganic semiconductor quantum dots with 
organic dye/dye-aggregates. Before delving into the photo-physics and inter particle interaction 
in this inorganic-organic nanohybrid, we have synthesized F-AgAu using established protocols 
and characterized it through conventional methods. Steady-state and time-resolved fluorescence 
measurements reveal the efficient energy transfer (92%) from F-AgAu to RBITC, as demonstrated by 
the quenching of F-AgAu fluorescence and the simultaneous increase in RBITC fluorescence features 
upon excitation. Interestingly, zeta potential measurements have revealed that the interaction 
between F-AgAu and RBITC in the hybrid system does not follow electrostatic interaction as 
both components processes positive surface charges. However, the interaction of the free amine 
of glutathione in F-AgAu with the electrophilic carbon of the isothiocyanate group forming a 
stable nano-assembly, and hydrogen bonding interactions between the carboxylic group of both 
RBITC and the capping ligand of F-AgAuhelps in overcomingthe positive-positive repulsion, and 
facilitating efficient FRET communication. The findings of this study are expected to be helpful in 
designing efficient nanoscale light-harvesting devices.
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individual constituents. In this regard, bimetallic 
nanoparticles (BNPs) represent a significant 
advancement in the field of nanotechnology, 
offering unique properties and applications 
compared to their monometallic counterparts. 
The combinatorial effects of incorporating two 
different metals into the nanoparticle framework 
can result in improved optical and electronic 
features. Additionally, these properties of BNPs 
can be further tailored to specific needs by 
adjusting the synthesis procedures, metal atoms, 
and capping agents. Due to this, BNPs have been 
employed in a wide range of applications across 
fields such as sensing, catalysis, biomedical, and 
optoelectronics.16-18 Particularly, the combination 
of BNPs with organic dye stands as a promising 
prospect to boost the efficiency of light harvesting 
processes, primarily due to the robust coupling 
between inorganic and organic components. 
However, research investigating the relationship 
between interparticle interactions (within 
inorganic metal nanoparticles and organic 
dye/dye aggregates) and the optical properties 
of these hybrid hetero-structured systems 
is currently limited. Therefore, developing 
inorganic–organic nanohybrid systems with 
eco-friendly nanomaterials and a thorough 
understanding of their mechanisms is expected 
to significantly contribute to designing efficient 
energy harvesting systems for both optoelectronic 
and biological applications.

In this context, it is pertinent to highlight 
that recent investigations have leveraged 
fluorescent semiconductor quantum dots (QDs) 
to investigate their interactions with dyes or 
J-aggregates. These studies on semiconductor 
hybrid nanoparticles mainly aim to understand 
how energy is transferred between semiconductor 
quantum dots (QDs) and J-aggregates.19-23 
Notably, Bawendi and co-workers19, 21-22, 
as well as Rakovich and co-workers6, have 
independently conducted noteworthy studies. 
They’ve shown that QD/J-aggregate Förster 
resonance energy transfer (FRET) pairs hold 
promise for optoelectronic applications due to 

their observed high electronic coupling between 
two components. In another work, Gryczynski 
and co-workers24 have demonstrated that 
Bovine serum albumin (BSA) protected metal 
nanoclusters (Au and Ag)caneffectively function 
as both acceptors and donors for short-lived 
organic fluorophores, enabling the creation of 
inorganic-organic nanohybrids for RET probes.
The above discussions suggest that although 
some studies exist, the majority of research in 
this area involves quantum dots, carbon-based 
fluorophores, and organic dye molecules as 
donors, with AuNPs and AgNPs as acceptors. 
Hence, there is a scarcity of studies exploring the 
interaction between bimetallic nanomaterials as 
donors and organic dye as acceptors.

Keeping the above facts in mind, we have 
designed and developed an inorganic–organic 
hybrid associate system by integrating an 
inorganic luminescent bimetallic nanomaterial 
and organic dye to study the inter-particle 
electronic interaction between them. In the 
present hybrid system, the F-AgAu has been 
chosen as the inorganic component due to its 
water solubility and less toxic nature, whereas 
the organic dye (RBITC) has been chosen as 
the acceptor molecule as it satisfies the spectral 
overlap criterion for the RET process, that is, the 
absorption spectrum of RBITC has significant 
overlap with the emission spectrum of the F-AgAu 
that is used in this study. Prior investigating 
the photo-physics of this inorganic-organic 
nanohybrid, we have synthesised F-AgAu by 
following reported protocols and characterised 
by using conventional methods. This study has 
indicated a high efficiency in the energy-transfer 
process from F-AgAu nanoparticles to RBITC, 
confirming the presence of electronic coupling 
between the inorganic and organic components in 
the hybrid nanomaterial. The chemical structures 
of the compounds that are used in the present 
study are shown in Scheme 1.
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2. EXPERIMENTAL SECTION

2.1. Materials. Silver nitrate (AgNO3), 
Chloroauric acid trihydrate (HAuCl4· 3H2O), 
L-glutathione (GSH) and Rhodamine B 
isothiocyanate (RBITC) were purchased from 
Sigma-Aldrich. All reagents were used without 
further purification. Milli-Q water was used 
throughout the experiment.

2.2. Instrumentation.  Steady-state absorption 
and emission data were obtained using a Cary 
100 Bio spectrophotometer and a Cary Eclipse 
fluorescence spectrophotometer, respectively. 
Time-resolved fluorescence measurements 
were conducted with a time-correlated single 
photon counting (TCSPC) spectrometer (Life 
Spec-II), utilizing a light-emitting diode (λex = 375 
nm) for probe excitation, and a dilute aqueous 
solution of ludox was employed to record the 
lamp profile. The fluorescence decay curves 
were analyzed through a nonlinear least squares 

iteration procedure using F900 decay analysis 
software, with the quality of the fit assessed by 
chi-square (χ2) values and weighted deviation. 
Zeta potential measurements were performed 
using a Malvern Zetasizer particle analyzer 
equipped with a helium-neon laser at 632 nm. 
Transmission electron microscopy (TEM) was 
employed for determining size and morphological 
characterization of the nanomaterials. For 
compositional analysis, an energy-dispersive 
X-ray microanalyzer attached to a field emission 
scanning electron microscope (FESEM) was 
utilized. Additionally, the incorporation of 
ligands over the nanomaterial surfaces was 
investigated using a Thermo Scientific FTIR 
setup.

2.3. Synthesis of Fluorescent Silver-Capped 
Gold Core Shell Nanoparticle (F-AgAu).

Fluorescent silver–gold nanoparticles were 
synthesized by slightly modifying a previously 
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reported protocol.25 In brief, 4 mL of Milli-Q 
water, 2 mL of 5 mM aqueous GSH solution, 200 
mL of 10 mM HAuCl4, and 340 mL of 10 mM 
AgNO3 were mixed in a 15 mL vial, resulting 
in the immediate appearance of a white turbid 
solution. Then the mixture was then subjected 
to ultraviolet light (350 nm) for 15 hours under 
vigorous stirring. A faint yellow solution was 
obtained, which was stored at 4°C for further use.

2.4 Sample Preparation and quantum 
yield calculation. All solutions were prepared in 
Milli-Q water. The fluorescence quantum yields 
of the systems were estimated using a standard 
reference Rhodamine 6G (R6G) dissolved in 
water, using the following equation 
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(1) 

where QYS and QYR are the quantum yields 
of the sample and reference (for R6G in ethanol, 
QYR = 95%) respectively. IS and IR are the 
integrated fluorescence emission of the sample 
and the reference, respectively, determined by 
integrating the emission spectra over the whole 
spectral range. ZS and ZR are the refractive index 
of water (1.33) and ethanol (1.36), respectively.

3. Result and discussion

3.1 Characterization of F-AgAu and Au NPs.

The synthesized F-AgAu has been 
extensively characterized by using conventional 
spectroscopic and microscopic techniques. 
Primarily, the system is characterized by steady-
state absorption and emission measurements 
provided in Fig. 1. It can be seen from Fig. 1(a) 
that F-AgAu shows a broad absorption band 
without any plasmonic peak. The absence of 
any characteristic plasmonic bands of silver 
and gold nanoparticles can be rationalized by 
considering the plasmon damping phenomenon 
which might have been caused in the present 
system due to the coating of silver nanoclusters 
on the surface of gold.26-28 Moreover, it can also 
be seen from Fig. 1(a) that F-AgAu exhibiting 
high fluorescence emission behaviour  with an 

emission maximum at 570 nm upon excitation at 
375 nm. It is reported that F-AgAu is composed of 
a large gold nanoparticle core covered by a silver 
nanocluster shell.25 The fluorescence behaviour of 
F-AgAuis reported to arise due to the fluorescence 
properties of the silver nanoclusters, which are 
synergistically stabilized by the gold core.25, 29 
The size and morphology of the particles are 
determined from the TEM image (Fig. 1(b)). It can 
be seen from the TEM image, that the particles are 
spherical in shape. The estimated size of F-AgAu 
is ~480 nm. Elemental analysis of these systems 
has been performed from the EDAX spectrum, 
which is provided in the Figure 1d. The surface 
charges of these systems are determined by 
z-potential measurements, which are shown in 
the Figure 3. FTIR measurements are performed 
to investigate the incorporation of the ligands 
over the nanomaterial surface. Fig. 1(c) shows a 
peak at 2525 cm-1 which corresponds to the –S–H 
stretching vibration of GSH. However, this peak 
disappeared in the spectrum of GSH-capped

F-AgAu, which suggests the coordination of 
GSH with F-AgAu via the thiol group. The peaks 
corresponding to the asymmetric (1599 cm-1) and 
symmetric stretching (1517 cm-1) modes of the 
carboxylate group of free GSH show a significant 
shift in F-AgAu. These FTIR data confirm the 
surface functionalization of F-AgAu by GSH.

3.2 Investigation of the RET process through 
steady state measurements

The interaction between the F-AgAu and 
RBITC has been studied using Förster Resonance 
Energy Transfer (FRET) studies.It is well known 
that, effective Förster Resonance Energy Transfer 
(FRET) communication relies on a significant 
overlap between the emission spectrum of 
the donor and the absorption spectrum of the 
acceptor. The success of FRET is also contingent 
on the close proximity of the donor and acceptor 
moieties, usually within a range of less than 100 
Å. As shown in Figure2a, there is a significant 
overlap between the emission spectrum of 
F-AgAu (donor) and the absorption spectrum 
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of the RBITC (acceptor), confirming that they 
constitute a suitable FRET pair. The overlap 
integral J(λ) has been estimated to be 2.79 × 10 17 
M−1 cm−1 nm4 by employing following equation
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molar absorption coefficient of the acceptor. 
Initially, the effect of RBITC on the optical 
properties of F-AgAu has been investigated 
through, steady-state fluorescence titration 
experiments which have been carried out by 
monitoring the fluorescence of F-AgAu with an 
increasing concentration of RBITC (Figure 2b). 

In this study, we have excited the donor 
(F-AgAu) at 365 nm excitation wavelength 
to minimize interference from the acceptor’s 

(RBITC) absorption at this specific wavelength. 
As depicted in Figure 2b, the emission intensity of 
F-AgAu is significantly quenched in the presence 
of the RBITC, accompanied by the emergence of 
a pronounced emission band at the wavelength 
corresponding to the RBITC dye. The observed 
concurrent decrease in donor intensity and the 
rise in acceptor intensity distinctly signify energy 
transfer from F-AgAu to the RBITC in this hybrid 
structure. It’s worth noting that a similar rationale 
has been put forward in explaining the FRET 
process between quantum dots (QDs) and organic 
dye molecules.7, 19, 30 It’s important to note here 
that for the FRET process, the close association 
of donor and acceptor moieties in the hybrid 
system has been usually accomplished through 
dipole-dipole interaction (electrostatically 
driven).31 But in the present study, zeta potential 
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measurements (Figure 3) indicate that both 
F-AgAu and RBITC possess a positive surface 
charge, creating a positive-positive repulsion 
between these two components. However, the 
isothiocyanate group in RBITC, with a highly 
electrophilic carbon atom, is known to selectively 
interact with primary amines.32 Therefore, the 
free amine of glutathione (the capping ligand) in 
F-AgAu can engage with the electrophilic carbon 
of the isothiocyanate group, forming a stable 
nano-assembly that overcomes the positive-
positive repulsion. Additionally, the hydroxyl 
group of the carboxylic group in both RBITC and 
the capping ligand can contribute to hydrogen 
bonding interactions. This collective interaction 
overcomes the positive-positive repulsion of 
the surface charges in both donor and acceptor, 
bringing the FRET pair close together to have an 
efficient FRET communication between them.

3.3 Thermodynamics studies

It is pertinent to mention here that 
understanding the thermodynamics of the 
binding event between donor and acceptor is very 
crucial as it provides valuable information on the 
feasibility of the process, nature of interaction, 
forces of binding, etc. 33-34 To elucidate the 
interaction between the donor-acceptor systems, 
we have estimated the relevant thermodynamic 
parameters for the interaction between F-AgAu 
and RBITC by utilising the fluorescence quenching 
data of F-AgAu in the absence and presence of 
RBITC. Initially, we have resorted to Stern−
Volmer (SV) analysis to investigate the quenching 
mechanism. The SV equation is given by:
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Figure 2. (a) Spectral overlap between the absorption spectrum of acceptor (RBITC) and  PL spectrum of donor (F-AgAu) 
(b) Fluorescence spectra of F-AgAu in the presence of an increasing concentration of RBITC. (c) Stern−Volmer plots for 
F-AgAu at different temperatures. (d) Van’t Hoff graph for the hybrid system of F-AgAu and RBITC.
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where  and  are the fluorescence intensities 
of F-AgAu in the absence and presence of RBITC, 
respectively, and  is the Stern-Volmer constant. 
The plot of / vs quencher concentration ([Q]) at 
various temperatures is shown in Figure 2c. The 
plot in Figure 2c illustrates a linear Stern−Volmer 
relationship as the fluorescence quenching varies 
with the concentration of RBITC ([Q]). The 
obtained values of the Stern−Volmer constant 
(KSV) and bimolecular quenching constant 
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[Q] plot is considered for predicting the binding constant value associated with the binding 
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entropy change, and ΔG is the free energy change on adsorption of the dye on the surface of 

the F-AgAu nanoparticle. The van't Hoff plot is shown in Figure 2d and the corresponding 

values of ΔH and ΔS are determined from the slope and intercept of the plot, respectively 

which are provided in the Table 1. It can be seen from Table 1 that ΔH is negative, which 

indicates that the interaction between F-AgAu and the dye is exothermic. Interestingly, from 

Table 1, one can also see that ΔS is also negative, which indicates that the entropy of the 

system decreased during this process. It has been reported in previous studies[ref] that 
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is shown in Figure 2d and the corresponding 
values of ΔH and ΔS are determined from the 
slope and intercept of the plot, respectively which 
are provided in the Table 1. It can be seen from 
Table 1 that ΔH is negative, which indicates that 
the interaction between F-AgAu and the dye is 
exothermic. Interestingly, from Table 1, one can 
also see that ΔS is also negative, which indicates 
that the entropy of the system decreased during 
this process. It has been reported in previous 
studies[ref] that hydrogen bonding and van 
der Waals interactionmay be the cause for the 
negative enthalpy change and negative entropy 
change.35-37 The negative value of ΔG (Table 
1) demonstrates that the interaction between 
F-AgAu and the dye is a spontaneous process.
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3.4 Time-Resolved Fluorescence 
Measurements.

To gain deeper insights into the Förster 
Resonance Energy Transfer (FRET) process, 
we have conducted time-resolved fluorescence 
intensity decay measurements on F-AgAu 
solution in the absence and presence of RBITC. 
The representative fluorescence decay curves 
and the relevant decay parameters are provided 
in the Figure 4a and Table 2 respectively. The 
fluorescence intensity decay curves for F-AgAu 
nanoparticles have exhibited significant quenching 
of the fluorescence lifetime in the presence of 
RBITC. The average fluorescence lifetime of 

Figure 4. Time-resolved fluorescence decay curve for 
(a) F-AgAu in the absence and presence of RBITC and 
(b) RBITC and F-AgAu/RBITC hybrid system using 
an excitation wavelength of 375 nm.
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theory in explaining the energy-transfer process involving metal nanoclusters has been 
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energy transfer mechanisms may come into play when the dipole of a molecule interacts 
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Table 2. Fluorescence decay parameters of F-AgAu with gradual addition of RBITC dye: 
(Excitation wavelength is 375 nm)

RBITC 
(µM) 

τ1 β1 τ2 β2 τ3 β3 <τ>

0 0.51 52 3.88 35 37.18 13 6.89

0.5 0.38 63 3.36 30 32.14 7 3.97

1.5 0.34 78 2.82 19 25.80 3 1.76

2.5 0.34 80 2.81 18 24.83 2 1.39

5 0.34 75 2.37 22 14.87 3 1.24

7.5 0.36 78 2.45 19 14.14 3 1.15

10 0.28 83 2.14 15 11.19 2 0.80

12.5 0.23 85 1.89 14 9.45 1 0.64

15 0.26 84 1.93 15 9.25 1 0.70

25 0.24 88 1.99 11 9.36 1 0.56

F-AgAu is found to decrease significantly from 
6.89 ns to 0.56 ns in the presence of RBITC. It is 
to be noted here that the applicability of Förster 
theory in explaining the energy-transfer process 
involving metal nanoclusters has been previously 
demonstrated.24, 38-39 Conversely, it should also 
be kept in mind that surface energy transfer 
mechanisms may come into play when the dipole 
of a molecule interacts with the continuum 
of energy states present in large-sized metal 
nanoparticles.40-41 Given that silver nanoclusters 
interacting with RBITC possess discrete energy 
states, they are less likely to facilitate such 
coupling interactions, as indicated by previous 
research.42

β are expressed in % scale and τ values (±5 
%) are in ns unit

Based on our experimental findings as 
well as literature report it can safely be depicted 
that the Förster mechanism of energy transfer 
is happening from F-AgAu to RBITC dye 
molecules. Therefore, in the current scenario, the 
data is analyzed using the Förster theory. The 
energy-transfer efficiency between F-AgAu and 
RBITC is calculated to be 92% by employing eq 5
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𝑅𝑅0 = [(8.8 × 10−25)(κ2ƞ−4𝜙𝜙𝐷𝐷J(λ)]1 6⁄    (6) 

Table 3.Fluorescence decay parameters of RBITC dye in absence and presence of F-AgAu: 

(Excitation wavelength is 375 nm) 

Sample  τ1 β1 τ2 β2 τ3 β3 <τ> 
RBITC   0.05 84.5 0.36 8.6 1.58 6.9 0.18 
RBITC + F-AgAu 0.05 48.8 0.31 34.2 1.54 17 0.39 
β are expressed in % scale and τ values (±5 %) are in ns unit 

Table 4. FRET parameters obtained from steady state and time-resolve fluorescence studies 

System 𝐽𝐽(𝜆𝜆)(M-1 
cm3) 

𝑄𝑄𝑄𝑄(%) 𝑅𝑅0 (nm) 𝐸𝐸 (%) (R) (nm) 𝑘𝑘𝑇𝑇 (s-1 ) 

F-AgAu+RBTC 2.79 ×1017  4 7.19 92 5.30 9.1 × 
108 

 

where κ2 (= 2/3) is the orientation factor of the transition dipoles of the donor and the 

acceptor, η is the refractive index of the medium, ̈D is the quantum yield of the donor, and 

J(λ) is the spectral overlap integral between the donor emission and the acceptor absorption 

spectrum. In this study, the calculated R₀  value for the F-AgAu-RBITC pair is estimated to 

be 7.2 nm which falls under FRET model. The distance between donor and acceptor and the 

rate of energy transfer have been calculated by using eq. 7 and eq. 8 respectively.  

𝐸𝐸 = 𝑅𝑅06
𝑅𝑅06+𝑟𝑟6

        (7) 

𝑘𝑘𝑇𝑇 = 1
𝜏𝜏𝐷𝐷
(𝑅𝑅0𝑟𝑟 )

6
       (8) 

All the FRET parameters are tabulated in the Table 4. We have also examined the 

fluorescence intensity decay of dye aggregates in the absence and presence of F-AgAu, 

    (6)

where κ2 (= 2/3) is the orientation factor 
of the transition dipoles of the donor and the 
acceptor, η is the refractive index of the medium, 
ϕD is the quantum yield of the donor, and J(λ) is 
the spectral overlap integral between the donor 
emission and the acceptor absorption spectrum. 
In this study, the calculated R₀ value for the 
F-AgAu-RBITC pair is estimated to be 7.2 nm 
which falls under FRET model. The distance 
between donor and acceptor and the rate of 
energy transfer have been calculated by using 
eq. 7 and eq. 8 respectively. 
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All the FRET parameters are tabulated in the 
Table 4. We have also examined the fluorescence 
intensity decay of dye aggregates in the absence 
and presence of F-AgAu, monitoring fluorescence 
at λem = 590 nm. The representative fluorescence 
decay plot and the relevant decay parameters are 
provided in Figure 4b and Table 3 respectively. 
The observed increment of the fluorescence 
lifetime of the RBITC dye, from 0.18 ns to 0.39 
ns in the presence of F-AgAu (as indicated in 
Table 3),The variance in fluorescence lifetime 
values observed between the hybrid system 
and the free dye molecules may arise from the 
distinct local field environments experienced 
by the dye molecules in the presence of the 
positively charged F-AgAu particle compared 
to its environment in the solution. This finding 
strongly indicates the formation of an inorganic-
organic hybrid system.43

4. CONCLUSIONS 

This study has investigated the photophysical 
properties of an inorganic–organic hybrid 
heterostructured material combined with 
fluorescent bimetallic F-AgAu and organic dye 

Table 3.Fluorescence decay parameters of RBITC dye in absence and presence of F-AgAu: 
(Excitation wavelength is 375 nm)

Sample τ1 β1 τ2 β2 τ3 β3 <τ>

RBITC  0.05 84.5 0.36 8.6 1.58 6.9 0.18

RBITC + F-AgAu 0.05 48.8 0.31 34.2 1.54 17 0.39

β are expressed in % scale and τ values (±5 %) are in ns unit

Table 4. FRET parameters obtained from steady state and time-resolve fluorescence studies

System J(λ) (M-1 cm3) QY (%) R₀  (nm) E (%) (R) (nm)  κT
 (s-1 )

F-AgAu+RBTC 2.79 ×1017 4 7.19 92 5.30 9.1 × 108
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molecules (RBITC) by employing FRET method.
The interaction between F-AgAu particles and 
RBITC has been examined using steady-state 
absorption and emission spectroscopy, as well 
as time-resolved fluorescence spectroscopy. 
Experimental results obtained from the steady 
state measurements have revealed a decrease in 
F-AgAu fluorescence intensity and a simultaneous 
increase in RBITC fluorescence upon selective 
excitation of F-AgAu. These findings, supported 
by fluorescence lifetime studies, confirm that 
the deactivation of the excited state of F-AgAu 
is attributed to an energy-transfer process. 
The energy-transfer efficiency for this hybrid 
system is estimated to be 92 %, indicating an 
efficient electronic coupling between BNPs and 
organic dye molecules. Therefore, outcome of 
the present study provides valuable insights 
which can be utilized for the design of efficient 
inorganic–organic hybrid systems for energy-
related applications. Moreover, as the present 
hybrid structure is fabricated based on nontoxic 
fluorescent metal nanoparticles, it can also be 
used in bioimaging and sensing applications.
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1. Introduction

Rare-earth (RE) elements consist of two 
Group IIIB elements (Sc and Y) and fifteen 
lanthanides (La to Lu). The ground state 
electronic configuration for Sc and Y is [Ar]3d14s2 
and [Kr]4d15s2, respectively. Among the 15 
lanthanides, four of them (La, Ce, Gd, and 
Lu) have the electronic configuration as 
[Xe]4fn−15d16s2, while other lanthanides have 
[Xe]4fn6s2 electronic configurations.1 In general, 
RE exist in stable +3 oxidation state (RE3+) as the 
2 electrons from the 6s orbital and one electron 
from the 5d/ 4f orbital can be easily removed. 
This result in a similar configuration,[Xe]4fn−1 

of the trivalent lanthanide ions (Ln3+) from La3+ 
to Lu3+. However, some Ln3+ ions may exhibit 
unusual ionic states with +2 oxidation states (Eu2+ 

and Sm2+) and +4 oxidation state (Tb4+). This can 
be explained by the high stability of half-filled 
4f shell in Eu2+ (f7) and Tb4+ (f7) ions. The optical 
properties of Ln3+ ions are characterized by their 

f-f transitions. The completely filled outer 5s2 
and 5p6 sub-shells of Ln3+ ions effectively shield 
the 4f electrons. Therefore, electron phonon 
interactions of 4f electrons sharp are weak and 
sharp emissions arise from 4f–4f transitions.2 
Moreover, the long lifetimes of the excited 
4f levels due to the parity forbidden intra 4f 
transitions favour the feasibility of UC emissions.3 
The UC emissions ranging from ultraviolet 
(UV) to infrared (IR) region of electromagnetic 
spectrum can be achieved for different Ln3+ 
doped UC phosphors depending upon the energy 
levels. UC is defined as conversion of low energy 
photon to high energy photon via absorption of 
two photon and it depicts Anti-Stokes shift. UC 
can be categorized as conversion of NIR to UV, 
NIR to visible and visible to UV photon.  Down 
conversion luminescence (DC) on the other hand 
is the conversion of high energy photon into low 
energy photon and display Stoke’s shift. There 
is one more aspect of DC called as quantum 
cutting luminescence (QCL) wherein a high 
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Abstract:

Lanthanide-doped upconversion phosphors (UCPs) are anti-Stokes emitters, which can produce 
higher-energy ultraviolet/visible and near-infrared (NIR) luminescence when excited with 
low-energy NIR light. They are featured with non photobleaching, sharp emission peaks, super 
stability, low toxicity, low imaging background, and functional multimodality. These characteristics 
endow them to be useful as nanoprobes for diagnostic applications and imaging-guided cancer 
therapy. Importantly, the ability to convert tissue-penetrating NIR light into visible and ultraviolet 
range is quite useful in photodynamic therapy, photothermal therapies, color tunability, optical 
thermometry and drug delivery processes for efficacious cancer therapy. Here in this article we 
have explained about basic photophysics of various lanthanides ion, various mechanisms of 
upconversion process, few case studies on lanthanide doped UCPs wrt to solid state lighting, 
color tunability, photo thermal therapies, high and cryogenic temperature thermometry, singular 
emission and SPECT imaging. We have also included a section of various methodologies of UCNPs 
synthesis.



36

ISRAPS Bulletin Vol. 36, Issue Number 1 & 2 January, 2024

energy photon is converted into 2 low energy 
photons. Further luminescence is differentiated 
based on the way excitation is triggered. Table 
1 categorized different types of luminescence, 
mode of excitation, their importance, and few 
specific applications. 

For instance, different transitions and 
upconversion emissions by selecting the Ln3+ 
ions as dopants over the full visible spectrum is 

illustrated by Fig 1a, b. Though, UC emission 
can be theoretically predicted for Ln3+ ions, the 
generation of UC emissions requires closely 
lying intermediate levels with energy similar 
to NIR excitation to facilitate effective photon 
absorption and UC processes.4 Mainly, Er3+, 
Ho3+ and Tm3+ ions with ladder-like 4f energy 
states are dispersed as optically active centers in 
different host matrices to achieve UC emissions.5, 

Table 1:  Different types of luminescence based on excitation mode2

Types: Mode of excitation Importance/ Application

Photoluminescence Photon LEDs, display panels

Radioluminescence Ionizing radiation (γ, α, β, 
X-rays etc.)

Scintillators, biomedicine, dosimetry

Triboluminescence Frictional and electrical 
forces, mechanical energy

Sensor, aerospace, defense sector, civil 
constructions

Bioluminescence Biological process Imaging, dairy industry, biocidal 
disinfection

Chemiluminescence Chemical process Pharmaceutical, clinical, analytical , gas 
analysis

Cathodoluminescence Cathode ray/electron beam Pharmaceutical, mineralogy, display

Thermoluminescence Heating after pre storage of 
energy

Dosimetry, optical materials, medicine

Sonoluminescence Ultrasounds Chemical and allied industries, 
therapeutic medicine

Figure 1: (a) Partial energy level diagram for lanthanide cations used for broad upconversion emissions,7 (b)Typical Ln3+-
based upconversion emission bands covering a broad range of wavelengths from ultraviolet (~290 nm) to NIR (~880 nm) 
and their corresponding main optical transitions.8
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phosphor 
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Lanthanide ion Composition of UC phosphor f→f Transitions λem (nm) λex (nm) Ref.

Er3+ β-NaYF4:Yb3+, Er3+ 2H9/2 → 4I15/2
2H11/2 → 4I15/2
4S3/2 → 4I15/2
4F9/2 → 4I15/2

~408 
~523
~543
~655 

980 nm 9

Ca2MgWO6:Er3+,Yb3+ 2H11/2 → 4I15/2
4S3/2 → 4I15/2
4F9/2 → 4I15/2

~531 
~549 
~661

980 10

NaYF4:Nd3+, Yb3+, Er3+ 2H11/2 → 4I15/2
4S3/2 → 4I15/2
4F9/2 → 4I15/2

~523
~548
~660

808 11

Ho3+ CaF2: Yb3+/Ho3+/Gd3+ 5F4, 
5S2 → 5I8

5F5 → 5I8
5F4/

5S2 → I7

~540
~642
~757

980 12

LiYF4:Yb3+,Ho3+ 5F4, 
5S2 → 5I8

3K8, 
5F2, 

5F3→
5I7 

5F5 → 5I8

~535, 543
~638
~657

976 13

Y2O3:Ho3+–Yb3+–Zn2+ 3K8→
5I8

5F3→
5I8

5F4, 
5S2 → 5I8

5F5 → 5I8
5S2→

5I7

~465
~491
~546
~658
~757

980 14

LaNbO4: Nd3+/Yb3+/Ho3+ 5F4, 
5S2 → 5I8

5F5 → 5I8

~539.6
~651.2

808 15

Tm3+ NaYF4:Yb3+/Tm3+@NaYF4:Yb3+ 1I6 → 3H6
1G4 → 3H6
1G4 → 3F4
3F3 → 3H6

~345
~475
~646
~700

980 16

BaLaAlO4:Yb3+,Tm3+ 1G4 → 3H6
1G4 → 3F4
3H4 → 3H6

~478
~656
~800

980 17

NaYF4:Yb3+/Ho3+/Tm3+ 1G4(1,2) → 3H6
1G4 → 3F4
3F2,3 → 3H6

~474, 486
~644
~696

980 18

Table 2: Characteristic optical properties of Er3+, Ho3+ and Tm3+ ions incorporated in different 
phosphor materials
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6 In Table 2, we summarize the characteristic 
optical properties of Er3+, Ho3+ and Tm3+ ions 
incorporated in different phosphor materials.

2. Mechanisms of upconversion in lanthanide 
doped phosphors

The UC mechanisms that are widely 
adopted for lanthanide-doped phosphors are: 
excited state absorption (ESA), energy transfer 
upconversion (ETU), cooperative energy transfer 
(CET), photon avalanche (PA), and energy 
migration-mediated upconversion (EMU).These 
mechanisms have been discussed in detail in 
published review articles.3-8, 19 In all the above 
UC processes, the absorption of two-photon or 
multi-photons occurs sequentially. In general, the 
ESA and ETU processes have been mainly found 
in UC phosphors. Very few articles have reported 
PA and EMU mechanisms in UC materials.

The UC emissions in singly doped 
upconversion phosphors originate from ESA 
processes that involve sequential absorption 
of multi-photons. Large anti-stokes shifts are 
possible due to the availability of long-lived 
intermediate 4f energy levels in lanthanide ions 
which was hypothesized by Bloembergen et 
al.20 and Dieke et al.21 around mid-20th century. 
Figure 2a represents a typical ESA process where 
successive photon absorption by a single ion 
and relaxation to the ground state resulted in 
upconversion luminescence (UCL). The ESA 
mechanism exists in UC phosphors with single 
activator ions such as Er3+, Ho3+, and Tm3+. For 
example, UC emissions due to ESA were reported 
in ZnO:Er3+ nanocrystals by Wang et al.22 and Ho3+ 

doped Na(Y,Gd)F4 by Swieten et al.23 However, 
the efficiency of UCL is not satisfactory for singly 
doped UC materials due to low molar-absorption 
coefficient of lanthanide ions. The Er3+-based 
UC systems have been commonly reported to 
display ESA process which can be ascribed to the 
matching of energy gap between intermediate 4f 
energy levels matches with NIR photon energy.24 
Thus, a stepwise multi-photon absorption by Er3+ 
ions can populate the high energy emissive levels 

which emit upconverted visible photons.

The ETU processes offer a better alternative 
to achieve high UCL efficacy by utilizing energy 
transfer (ET) between activator-sensitizer pairs 
in co-doped UC materials. In literature, different 
activator-sensitizer (A/S) pairs have been 
investigated to develop efficient upconverting 
systems. Usually, combinations such as Yb3+/A3+ 
(S = Yb3+, and A = Er, Tm, Ho, Pr) Nd3+/A3+ (S = 
Nd3+, and A = Er, Tm, Ho), and Yb3+/Mn2+ have 
been well explored for various applications. ETU 
processes are operated between two ions where 
the excitation energy of the sensitizer ion matches 
with the diode lasers (980 or 808 nm). Figure 2b 
represents the ETU process, where the sensitizer 
ion is excited to its metastable excited level under 
laser excitation in the first step. The sensitizer ion 
works as an antenna and has high NIR photon 
harvesting tendency. The contained energy is 
then transferred to the neighboring activator 
ions in the ground-state or the excited-state. The 
excitation of activator ions to the emissive state 
is then followed by relaxation to ground state 
by emitting higher energy photons. The ETU 
processes can be controlled by average distance 
between the A/S ions and thus, the efficiency 
vary with the dopant ions concentration.

Figure 2c represents a CET process operated 
between three ion centers, with two similar 
absorbing excitation photons and transferring 
energy to the excited state of the activator ion. 
The interaction between the three ions induced 
the cooperative ET and excited activator ion 
relaxes back to the ground states that result in 
the emission of upconverted photons. Liang et 
al. reported CET process in Yb3+/Tb3+-codoped 
NaYF4 nanocrystals25 due to the absence of 
intermediate levels in Tb3+ ions to absorb NIR 
light. Pushkar et al.26 Demonstrated the UC 
emissions in BaY2F8:Yb3+,Pr3+ phosphor by CET 
mechanism. Unfortunately, the efficiency of 
CET processes is lower compared to ETU and 
ESA processes.3 This can be explained by the 
requirement of confined excitation for a CET 
process which makes it rigorous.
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Chivian et al.27 Firstly discovered a PA 
process in a Pr3+-based infrared quantum counter 
back in 1979.The PA process is illustrated in 
Figure 2d, where in the first step, the activator ions 
are pumped to excited states by weak absorption 
of the non-resonant NIR photon in the ground 
state. Further, the pumping of activator ions into 
upper emissive states is assisted by the resonant 
ETU/ESA processes. This is followed by a cross-
relaxation (CR) type ET between the activator 
ions in the upper excited states and the sensitizer 
ions present in the ground state. Consequently, 
a continuous population in the intermediate 
excited energy levels of both the dopant ions 
occurs via a looping mechanism involving ESA/
ETU and CR processes. As a result, the UCL 
intensity can be enhanced exponentially and 
thus, PA processes can be utilized to develop 
the highly efficient UC systems for cutting edge 
bio-applications.28 Notably, the activator ion in 
a PA process is the same lanthanide ion as the 
sensitizer.29 Only a few published works have 

explored the PA mechanism for UCL generation 
and is not popular like ESA or ETU processes. 
Deng et al.30 Reported the avalanche UC in 
LnVO4 (Ln = Ce and Nd) nanocrystals (NCs) with 
large avalanche slope values (>15).

EMU process involves four different 
luminescent centers: sensitizer (S), accumulator 
(Ac), migrator (M), and activator (A),as presented 
in Figure 2e.The whole UC mechanism can be 
divided into four steps, that is, (i) initially the 
absorption of the NIR excitation energy by 
sensitizer ion, (ii) ETU process populate the 
higher excited level of accumulator ion, (iii)
trapping of excitation energy by the migrator ion 
from the excited accumulator, and (iv) transfer 
of contained energy from the migrator to the 
activator ion which populate its excited states 
followed by UCL generation on relaxation to the 
ground level. The choice of migrator ion is crucial 
in the EMU process which decides the feasibility 
of ET between long distant ions. In 2011, Wang 

al.30 Reported the avalanche UC in LnVO4 (Ln = Ce and Nd) nanocrystals (NCs) with large 

avalanche slope values (>15). 

EMU process involves four different luminescent centers: sensitizer (S), accumulator (Ac), 

migrator (M), and activator (A),as presented in Figure 2e.The whole UC mechanism can be 

divided into four steps, that is, (i) initially the absorption of the NIR excitation energy by 

sensitizer ion, (ii) ETU process populate the higher excited level of accumulator ion, (iii)trapping 

of excitation energy by the migrator ion from the excited accumulator, and (iv) transfer of 

contained energy from the migrator to the activator ion which populate its excited states followed 

by UCL generation on relaxation to the ground level. The choice of migrator ion is crucial in the 

EMU process which decides the feasibility of ET between long distant ions. In 2011, Wang et al. 

and co-workers6 proposed a novel ET route called as EMU in NaGdF4@NaGdF4 core–shell 

nanoparticles. The Yb3+/Tm3+pair was adopted as S/Ac pair with the activator ion, A3+ (A =Tb3+, 

Dy3+, Eu3+ and Sm3+) doped into the core and shell layer, separately. The EMU process is 

particularly found to exist in core-shell structures. Most common migratory ions that have been 

explored are Yb3+ and Gd3+.31 Future research on different combinations of other luminescent 

metal ions will further enlarge the scope of EMU based UC materials for bio-imaging and 

theranostic applications. 

 
Figure 2:Schematic representations of UC mechanism of (a) ESA, (b) ETU, (c) CET (d) PA, and 

(e) EMU (upward, downward and dashed arrows represent the excitation, radiative emission 

processes and energy transfer processes, respectively). The different colored levels represents the 

different luminescent centers; (f) schematic representation of the partial energy levels and 

Figure 2:Schematic representations of UC mechanism of (a) ESA, (b) ETU, (c) CET (d) PA, and (e) EMU (upward, 
downward and dashed arrows represent the excitation, radiative emission processes and energy transfer processes, 
respectively). The different colored levels represents the different luminescent centers; (f) schematic representation of 
the partial energy levels and energy-transfer processes for Yb3+/Tb3+ up-conversion emission. CUE denotes cooperative 
up-conversion emission,32 (g) Schematic of energy levels and electronic transitions of Tm3+ for PA luminescence under 
1064 nm excitation,33 (h) schematic design of a lanthanide-doped NaGdF4@NaGdF4 core–shell nanoparticle for EMU (X: 
activator ion), and (i) proposed energy transfer mechanisms in the core–shell nanoparticle.6
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et al. and co-workers6 proposed a novel ET route 
called as EMU in NaGdF4@NaGdF4 core–shell 
nanoparticles. The Yb3+/Tm3+pair was adopted 
as S/Ac pair with the activator ion, A3+ (A =Tb3+, 
Dy3+, Eu3+ and Sm3+) doped into the core and shell 
layer, separately. The EMU process is particularly 
found to exist in core-shell structures. Most 
common migratory ions that have been explored 
are Yb3+ and Gd3+.31 Future research on different 
combinations of other luminescent metal ions 
will further enlarge the scope of EMU based 
UC materials for bio-imaging and theranostic 
applications.

3. Synthesis of Lanthanide UCNPs

Upconversion nanoparticles (UCNPs) 
with size of <100 nm and good crystallinity 
have been promising for bio-imaging, PDT, 
PTT and theranostic applications. In recent 
years, various synthetic methods such as 
hydro (solvo) thermal, thermal decomposition, 
co-precipitation, sol-gel, microwave-assisted 
synthesis, and combustion methods have been 
employed for lanthanide doped UC inorganic 
materials in published articles. Extensive efforts 
have been made by the researchers to control 
the size, phases, morphology, and surface 
properties of Ln3+-doped UCNPs In this section, 
we will discuss different approaches used to 
synthesize the lanthanide UCNPs till date. The 
hydrothermal method has been commonly 
used for synthesizing highly monodisperse 
lanthanide UCNPs with size and shape control 
for potential applications. The method involves 
the dissolution of Ln3+ precursor salts (nitrates, 
acetates or chlorides) with other precursors into 
an appropriate solvent (water for hydrothermal 
synthesis). Usually, in case of fluoride-based host 
materials, NH4F, HF, NH4HF2, and NaBF4 are 
used as a fluoride (F−) precursors to synthesize 
REF3 or RE-alkali metal double salts (MREF4) 
UCNPs, while NaF/KF can be used for MREF4.A 
homogeneous solution is prepared by prolonged 
magnetic stirring or ultrasonication, which is then 
transferred to a Teflon-lined autoclave for heating 
under high temperature and pressure conditions. 

In past, the synthesis of different hosts by simple 
hydro (solvo) thermal method with tunable 
morphologies has been summed up in several 
review articles. This method offers a convenient 
approach for the synthesis of nanoparticles with 
tunable size/shape by varying RE3+/F− molar 
ratios, F− precursor source, different temperatures, 
solvents, pH, addition of organic ligands/
polymer such as cetyltrimethyl ammonium 
bromide (CTAB), citric acid, ethylene diamine 
tetra acetic acid (EDTA, oleyl amine, polyethylene 
glycol (PEG). The thermal decomposition 
method is the most applied and effective 
route for the synthesis of Ln3+-doped UCNPs. 
Thermal decomposition involves dissolution 
of organometallic precursors in a high-boiling 
organic solvent with surfactants followed by 
the decomposition of the substance at high 
temperatures. The monodisperse nanoparticles 
are formed during the reaction via burst 
nucleation. In general, RE-organic compounds 
such as oleate, acetate, and trifluoroacetate are 
the metal–organic precursors. Commonly used 
high-boiling organic solvents are oleic acid 
(OA), oleylamine (OM), trioctylphosphine oxide 
(TOPO) and 1-octadecence (ODE). These contain 
long hydrocarbon chain which act as a functional 
capping group and is effective in preventing 
the aggregation of nanoparticles during the 
reaction. This method is atom-economical and 
can be employed to synthesize high-quality and 
uniform nanocrystals in different nm scale by 
optimizing the experimental parameters, such 
as concentration of metal precursors, reaction 
time and temperature, and the ratio of different 
solvents.  

The co-precipitation method is effective for 
synthesizing ultra small UCNPs and their shape 
and size can be controlled by the experimental 
variables. In a few circumstances, it has been 
observed that crystalline nanoparticles can be 
made directly via co-precipitation synthesis, 
without the additional need for heat treatment. 
Coprecipitation is a widely used for preparation 
of core–shell based UCNPs for different bio-
applications. A typical coprecipitation method for 
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core-shell rare earth fluorides involves reaction 
between metal oleate precursors and fluoride 
salts in oleic-octadecenoic (OA-ODE) acid 
solvent. Then, the growth of shell layers on the 
pre-synthesized core UCNPs used as seeds can be 
controlled by various experimental parameters. 
Though co-precipitation is time-consuming 
and laborious route, it offers control over shell 
composition and thickness via the modification 
of growth kinetics. However, UCNPs obtained 
from coprecipitation method have a wide size 
distribution (from nm to mm). In some cases, 
subsequent annealing of as-prepared UCNPs 
was required to improve the crystallinity and 
UCL properties.

Some researchers have applied different 
synthetic techniques such as sol-gel, micro-
emulsion, combustion synthesis, and microwave-
assisted synthesis for developing high-quality 
UCNPs. In a typical sol–gel process, the hydrolysis 
of metal alkoxide (or halide) precursors results in 
the polycondensation and formation of gel. The 
calcination of dried gel at high temperatures is 
required to produce crystalline nanoparticles. 
However, a wide particle size distribution of 
UCNPs by sol-gel method is not desirable for 
bio-application. 

aggregated forms such as micelles or vesicles 
from the surfactants and precursors which 
function as a microreactor. This template 
synthesis produces NPs with size in the nm scale 
and control over morphology can achieve by the 
presence of surfactants. But calcination is usually 
required to improve quality of UCNPs which 
may induce aggregation of NPs. This approach 
is effective for fabrication of UCNPs surface and 
their self-assembly.

4. Few Case Studies of efficient and tunable 
UC in inorganic oxides and applications

Both up and down convertible luminescence 
(UC and DC) are known in lanthanide-based 
phosphors depending on the choice of lanthanide 
ions. In UC, multiple low energy photons 
used in excitation are emitted as high energy 
photon while in down conversion process, low 
energy photons are emitted than those used for 
excitation. DC and UC hence follow Stoke’s and 
Anti Stoke’s process respectively. Figure 3 shows 
the schematic of both UC and DCL process using 
NIR excitation employing core-shell strategy 
with Yb3+ rich core and Yb3+/Er3+ co-doped 
nanoparticles in shell.  Such nanoparticles if 
tagged properly with suitable biomolecules have 

energy consumption and requires less reaction time.  Microemulsion synthesis involves the 

formation of aggregated forms such as micelles or vesicles from the surfactants and precursors 

which function as a microreactor. This template synthesis produces NPs with size in the nm scale 

and control over morphology can achieve by the presence of surfactants. But calcination is 

usually required to improve quality of UCNPs which may induce aggregation of NPs. This 

approach is effective for fabrication of UCNPs surface and their self-assembly. 

4. Few Case Studies of efficient and tunable UC in inorganic oxides and applications 

Both up and down convertible luminescence (UC and DC) are known in lanthanide-based 

phosphors depending on the choice of lanthanide ions. In UC, multiple low energy photons used 

in excitation are emitted as high energy photon while in down conversion process, low energy 

photons are emitted than those used for excitation. DC and UC hence follow Stoke's and Anti 

Stoke’s process respectively. Figure 3 shows the schematic of both UC and DCL process using 

NIR excitation employing core-shell strategy with Yb3+ rich core and Yb3+/Er3+ co-doped 

nanoparticles in shell.  Such nanoparticles if tagged properly with suitable biomolecules have an 

advantage in application such as bio-photonics and biomedicine. Our group has explored have 

explored Yb3+ sensitized and Tm3+, Er3+ and Ho3+ doping upconversion in LaF3, La2Zr2O7, 

Gd2Hf2O7, ZnGa2O4, ZnAl2O4, etc.34-41  

 
Figure 3: Schematic showing UC and DC both in Yb3+ and Er3+ co-doped core shell 

nanoparticles. Yellow covering represents Yb3+ rich shell absorbing NIR photon and 

transferring the energy to Er3+/ Yb3+ co-doped core (represented by purple color) leading 

to UC blue, green, and red emissions, or DC NIR emissions, respectively. The lower part 

Figure 3: Schematic showing UC and DC both in Yb3+ and Er3+ co-doped core shell 
nanoparticles. Yellow covering represents Yb3+ rich shell absorbing NIR photon and 
transferring the energy to Er3+/ Yb3+ co-doped core (represented by purple color) 
leading to UC blue, green, and red emissions, or DC NIR emissions, respectively. 
The lower part shows that tagging with suitable biomolecules may help in achieving 
bio-photonics and nanomedicine applications.19

Microwave-assisted 
heating approach for UCNPs 
is still in the developing stage 
and further optimization 
of synthetic conditions will 
help in controlling UCL 
properties.  The method 
involves the exposure of 
reactants to electromagnetic 
w a v e s  w h i c h  p r o d u c e 
heating of solutions in a very 
short time span. Therefore, 
microwave-assisted strategy 
is green synthesis withlow 
energy consumption and 
requires less reaction time.  
Microemulsion synthesis 
involves the formation of 
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an advantage in application such as bio-photonics 
and biomedicine. Our group has explored have 
explored Yb3+ sensitized and Tm3+, Er3+ and 
Ho3+ doping upconversion in LaF3, La2Zr2O7, 
Gd2Hf2O7, ZnGa2O4, ZnAl2O4, etc.34-41 

Ln3+-based upconversion (UC) phosphors 
are promising for highly sensitive and non-contact 
optical thermometry based on temperature 
sensitive luminescence intensity ratios (LIR) of 
thermally/non-thermally coupled energy levels. 
LIR based optical thermometry is a promising 
field for contactless temperature measurement 
unique properties such as fast response time, 
non-invasiveness, contactless measurement, anti-
interference ability, good temperature resistance 
and temperature resolution precision. Spinel 
exhibits optical, catalytic, magnetic and electrical 
properties which lead to applications in many 
areas such as optoelectronic devices, electronic 
industries, laser devices, supercapacitors, metal-
ion batteries etc. However, the investigations 
on the use of optical thermometers in cryogenic 
temperature range below 300 K are rarely reported 
and usually display low absolute sensitivities 
of 10-3 order below room temperatures. In 
this work, we utilized the codoping of Mn2+ 
ions in ZnAl2O4:Ho3+/Yb3+ upconversion 
phosphor to initiate extra energy transfer 
pathways and investigated the temperature 
dependent luminescent properties from 80 
to 300 K. The energy transfer between Mn2+ 
- Ho3+ is also effective in achieving singular 
red UC emissions that improves the overall 
bioimaging sensitivity for optical imaging. Color 
tunability from red to green domain on higher 
temperature annealing display the potential of 
our phosphor as a luminescence switch. The 
laser power dependencies and lifetime studies 
were performed to gain more insights into the 
energy transfer (ET) processes. Interestingly, 
we observed a complete swap in the emission 
properties at 80 K and 300 K in ZnAl2O4:Ho3+/
Yb3+ due to coexisting temperature sensitive 
multi-phonon relaxations and non-radiative 
decay routes. The incorporation of Mn2+ turned 

to be a boon for this system as Ho3+-Mn2+ ET is 
also temperature dependent and competes with 
other ET and non-radiative routes to modulate 
the UC emissions effectively. The codoping of 
Mn2+ ions improved the maximum absolute 
(Sa) and relative sensitivity (Sr) along with 
impressive color shift from green to red on 
going from 80 to 300 K which can be utilized 
for temperature approximation by naked eyes. 
The effective color tunable thermometers and a 
high Sa obtained in this work even at 80 K are 
demonstrated by limited Ln3+ based materials. 
Since cryogenic applications involves fields like 
bio-medical, space technology, electronics and 
agriculture, this study will be beneficial to design 
new cryogenic thermometers by judiciously 
altering the ET and other non-radiative channels 
responsible for populating excited levels. In 
addition, the single red component emission and 
paramagnetic properties of this phosphor can be 
explored for bimodal imaging.In another work 
we demonstrate the tailoring of luminescence 
properties via introducing Ho3+ - Mn2+ energy 
transfer (ET) routes with judicious codoping 
of Mn2+ ions in ZnAl2O4:Ho3+,Yb3+ phosphor 
(Figure 4).35 Higher temperature annealing 
brings the color coordinates to green domain 
highlighting the potential for color tunable 
luminescence switch (Figure 4). Moreover, this 
work investigates the thermometric properties of 
ZnAl2O4:Yb3+, Ho3+ in the range of 80-300 K and 
influence of inducing extra ET pathways by Mn2+ 
codoping. The codoping of Mn2+ ions is fruitful 
in fourfold increase of absolute sensitivity and 
notably the color tunability from green through 
yellow to red is helpful in rough temperature 
estimation by naked eyes. The maximum relative 
(Sr) and absolute sensitivities (Sa) were estimated 
to be 1.89% K−1 (140 K) and 0.0734 K−1 (300 K), 
respectively (Figure 4). Even at 80 K, Sa of 0.00447 
K−1 and Sr of 0.6025% K−1 were achievable in our 
case which is higher than most of the other Ln3+-
based systems.

ZnAl2O4 and ZnGa2O4 based spinel material 
having shown exceptional performance in the 
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responsible for populating excited levels. In addition, the single red component emission and 

paramagnetic properties of this phosphor can be explored for bimodal imaging.In another work 

we demonstrate the tailoring of luminescence properties via introducing Ho3+ - Mn2+ energy 

transfer (ET) routes with judicious codoping of Mn2+ ions in ZnAl2O4:Ho3+,Yb3+ phosphor 

(Figure 4).35 Higher temperature annealing brings the color coordinates to green domain 

highlighting the potential for color tunable luminescence switch (Figure 4). Moreover, this work 

investigates the thermometric properties of ZnAl2O4:Yb3+, Ho3+ in the range of 80-300 K and 

influence of inducing extra ET pathways by Mn2+ codoping. The codoping of Mn2+ ions is 

fruitful in fourfold increase of absolute sensitivity and notably the color tunability from green 

through yellow to red is helpful in rough temperature estimation by naked eyes. The maximum 

relative (Sr) and absolute sensitivities (Sa) were estimated to be 1.89% K−1 (140 K) and 0.0734 

K−1 (300 K), respectively (Figure 4). Even at 80 K, Sa of 0.00447 K−1 and Sr of 0.6025% K−1 

were achievable in our case which is higher than most of the other Ln3+-based systems. 

 

Figure 4: Enhanced Energy transfer channels in Mn2+/Ho3+/Yb3+ Tri-doped ZnAl2O4 

Nanophosphors leading to multifaceted application of upconvertible materials towards 

luminescence switching and cryogenic thermometry.35 

 

ZnAl2O4 and ZnGa2O4 based spinel material having shown exceptional performance in the area 

of luminescence owing to their exceptional photophysical characteristics. Color tunable 

phosphors (CTPs) have demonstrated tremendous potential in recent years owing to their 

application in the various areas such as temperature sensors, field emission displays (FEDs), 

Figure 4: Enhanced Energy transfer channels in Mn2+/Ho3+/Yb3+ Tri-doped ZnAl2O4 
Nanophosphors leading to multifaceted application of upconvertible materials towards 
luminescence switching and cryogenic thermometry.35

Figure 5: Color tunable phopshor triggered by compositional modulation in Al/Ga 
ratio and laser power along with  feasibility for non-contact optical thermometry.40

light emitting diodes (LEDs) and plasma display panels (PDPs). Hence, there is a continuous 

effort being vested among scientific community for search towards efficient CTPs. Under NIR 

excitation ZnAl2-xGaxO4: Er, Yb phosphors depicted UCL in green and red region and down 

conversion in NIR-II region.40 Gallium insertion gradually leads to beautiful color tunability 

from pure red in ZnAl2O4: Er, Yb to orange and yellow and in between solid solution and then 

finally to green in ZnGa2O4: Er, Yb (Figure 5). The maximum absolute sensitivity is found to be 

11.10 ×10-3 K-1 at 302 K whereas the relative sensitivity is  5.02×10-3 K-1 at 302 K indicating 

the applicability of ZnGa2O4: Er, Yb as a optical temperature sensor in the temperature range 

302-473 K (Figure 5). 

 

Figure 6: Color tunable phopshor triggered by compositional modulation in Al/Ga ratio 

and laser power along with  feasibility for non-contact optical thermometry.40 

In recent years, the scientists are keenly interested in developing the multifunctional lanthanide 

doped upconversion (UC) materials to solve the urgent problems like diagnosis and treatment of 

cancer. Photothermal therapy (PTT) is a less-invasive treatment of cancer and is arousing 

tremendous attention over the traditional chemotherapy. The research on lanthanide doped 

upconversion (UC) materials have revealed their remarkable ability for advanced biomedical and 

theranostic applications due to strong NIR absorption and upconversion efficacies and NIR 

area of luminescence owing to their exceptional 
photophysical characteristics. Color tunable 
phosphors (CTPs) have demonstrated tremendous 
potential in recent years owing to their application 
in the various areas such as temperature sensors, 
field emission displays (FEDs), light emitting 
diodes (LEDs) and plasma display panels 

(PDPs). Hence, there is a continuous effort being 
vested among scientific community for search 
towards efficient CTPs. Under NIR excitation 
ZnAl2-xGaxO4: Er, Yb phosphors depicted UCL 
in green and red region and down conversion 
in NIR-II region.40 Gallium insertion gradually 
leads to beautiful color tunability from pure red 

in ZnAl2O4: Er, Yb to orange 
and yellow and in between 
solid solution and then finally 
to green in ZnGa2O4: Er, Yb 
(Figure 5). The maximum 
absolute sensitivity is found 
to be 11.10 ×10-3 K-1 at 
302 K whereas the relative 
sensitivity is  5.02×10-3 
K-1 at 302 K indicating the 
applicability of ZnGa2O4: Er, 
Yb as a optical temperature 
sensor in the temperature 
range 302-473 K (Figure 5).

I n  r e c e n t  y e a r s , 
the scientists are keenly 
interested in developing the 
multifunctional lanthanide 
doped upconversion (UC) 
materials to solve the urgent 
problems like diagnosis 
and treatment of cancer. 
Photothermal therapy (PTT) 
is a less-invasive treatment 
of cancer and is arousing 
tremendous attention over 
the traditional chemotherapy. 
The research on lanthanide 
doped upconversion (UC) 
materials have revealed 
their remarkable ability for 
advanced biomedical and 
theranostic applications due 
to strong NIR absorption 
and upconversion efficacies 
and NIR excitations have 
low photo-toxicity and 
l o w  a u t o f l u o r e s c e n c e 
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background. Thus, in our recent work, we have 
developed a promising ZnAl2O4:Ho3+/Yb3+ 
UC phosphor and demonstrated its potential 
for optical imaging, theranostic and anti-
cancer therapy and is not reported so far to 
the best of our knowledge. To be noteworthy, 
ZnAl2O4: Ho3+/Yb3+  UC phosphor showed strong 
upconversion in both ultraviolet-C (UVC) and 
visible region as well as downconversion (DC) to 
NIR-II region and thus, can be well utilized for 
diverse bioapplications. Benefitting from these 
excellent photophysical properties of ZnAl2O4: 
Ho3+/Yb3+ /Na+ UC phosphor, we performed 
in vitro studies with fibroblast cells and rat C6 
glioma cells and impressively, our UC material 
showed excellent biocompatibility and efficient 
photothermal effect in NIR laser irradiation 
and rapid increase in temperature higher than 
42 °C required for killing of cancer cells in a 
time span of 10 min which is considerably good 
as per reported photothermal agents.42 As 166Ho 
is a promising therapeutic radioisotope, we 
carried out preclinical studies with intrinsically 
radiolabeled ZnAl2O4:166Ho3+/Yb3+/Na+ UC 

phosphor for theranostic applications for the 
first time via in vivo SPECT/CT imaging in 
healthy Wistar rats that proposed the potential 
of our UC material for image-guided theranostic 
therapy. In addition, intense germicidal UVC 
UC emission demonstrated by ZnAl2O4:Ho3+/
Yb3+ UC phosphor is suitable for disinfection 
and further broadens its application field’s 
particularly pandemic times like COVID-19. 
We strongly believe that our work contributes 
in the development of UC materials and 
put forward a great application prospect 
regarding sustainable biological imaging and 
cancer therapy. Na+ co-doped ZnAl2O4:Ho3+, 
Yb3+ upconversion nanoparticles (UCNPs) 
with remarkably enhanced upconversion 
luminescence (UCL) have demonstrated good 
cellular uptake, bio/cyto compatibility and 
anticancer efficacy in C6 glioma cells (Figure 6).34 
The % cell viability of C6 cells exposed to UCNPs 
decreased to 46% under 980 nm near infrared 
light laser exhibiting excellent photothermal 
therapy (PTT) by the material. The Na+ ions 
codoping resulted in a significant lowering of 

 
Figure 6: Remarkable enhancement in UVC and visible upconversion from ZnAl2O4:Yb3+, 

Ho3+ on Na+ doping and its efficacy towards cancer treatment and radiolabeling agent for 

theranostic purpose.34 

 

Lanthanide (Ln3+) and Yb3+/Ln3+ doped upconversion nanomaterials (UCNPs) have been 

extensively explored for diverse applications such as non-contact thermometry, solar cells, and 

bio-medicine. But improving the upconversion (UC) efficiency is a major challenge. One of the 

promising strategies for enhancing UC luminescence is by generating asymmetric coordination 

around emitter Ln3+ ions by co-doping of non-Ln3+ ions into host lattice. Owing to application of 

cryogenic temperature measurements in aerospace industries, metallurgy, engineering, 

manufacturing and basic sciences, etc. their precise and fast determination is very important. 

In past, various alkali and transition metals ions have been explored as dopants to alter the 

symmetry around Er3+ ions. However, still in-depth investigations are missing for the co-doping 

effects of higher valent dopants. Th4+ is a higher valent ion than Ln3+ ions, and in recent years, 

various publications availed the advantage of Th4+ doping for diverse applications such as 

electrocatalysis, photocatalysis, and superconductors. Much to our surprise, there is not a single 

report on improved UC luminescence by Th4+ addition. 

Figure 6: Remarkable enhancement in UVC and visible upconversion from ZnAl2O4:Yb3+, Ho3+ on Na+ doping and its 
efficacy towards cancer treatment and radiolabeling agent for theranostic purpose.34
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zinc vacancies in ZnAl2O4:Ho3+, Yb3+ indicating its 
effective role in eliminating defect-induced non-
radiative channels. Intrinsically (166-Holmium) 
radiolabeled ZnAl2O4:Yb3+, 166Ho3+, Na+ have also 
shown great potential towards in vivo single-
photon emission computed tomography (SPECT) 
imaging (Figure 6).

Lanthanide (Ln3+) and Yb3+/Ln3+ doped 
upconversion nanomaterials (UCNPs) have been 
extensively explored for diverse applications 
such as non-contact thermometry, solar cells, and 
bio-medicine. But improving the upconversion 
(UC) efficiency is a major challenge. One of 
the promising strategies for enhancing UC 
luminescence is by generating asymmetric 
coordination around emitter Ln3+ ions by 
co-doping of non-Ln3+ ions into host lattice. 
Owing to application of cryogenic temperature 
measurements in aerospace industries, 
metallurgy, engineering, manufacturing and basic 
sciences, etc. their precise and fast determination 
is very important.

In past, various alkali and transition metals 
ions have been explored as dopants to alter 
the symmetry around Er3+ ions. However, still 
in-depth investigations are missing for the co-
doping effects of higher valent dopants. Th4+ 
is a higher valent ion than Ln3+ ions, and in 
recent years, various publications availed the 
advantage of Th4+ doping for diverse applications 
such as electrocatalysis, photocatalysis, and 
superconductors. Much to our surprise, there is 
not a single report on improved UC luminescence 
by Th4+ addition.

To address the above issues, tetravalent 
Th4+ co-doped YF3:Yb3+,Er3+ nanorods were 
synthesized and its upconversion luminescence 
were explored.43 The changes in Y-F and Er-F 
bond lengths in Yb3+/Ln3+ and Yb3+/Er3+/Th4+ 
co-doped YF3 systems were analyzed using DFT 
calculations for understanding the role of Th4+ 
co-dopants in inducing local structure distortions 
around Er3+ ions. The more asymmetric Er-F bond 
lengths and low symmetry Y3+ sites on co-doping 
Th4+ in Yb3+/Er3+ co-doped YF3 were revealed by 

the DFT results and validated the enhancement 
in UC emissions due to relaxation in selection 
rules of 4f-4f transitions of Er3+ ions. Moreover, 
we have investigated the potential of co-doped 
YF3 UC nanorods for cryogenic thermal sensing. 
Cryogenic thermometers are rarely reported with 
only low sensitivities of 10-3 order below -70 oC. 
Thus, we utilized various stark sub-levels having 
a distinct temperature-responsive intensity trend, 
and investigated the temperature-dependent 
luminescence intensity ratio (LIR) from 80 to 
300 K. Benefiting from this, we have proposed 
an approach of using multiple luminescence 
intensity ratios (LIR) based thermometry 
involving non-thermally coupled energy levels 
(NTCELs). It was fruitful in achieving a more 
accurate temperature read-out with relative 
sensitivity (Sr) values >0.4 %K-1, especially at 
cryogenic temperatures below -33 oC (up to -193 
oC). While most of the reports either used TCLs 
or NTCELs based single LIR for temperature 
sensing that resulted in low Sr values at some 
temperature zones, in our case, the low Sr values 
in different temperature zones for one LIR are 
re-compensated by other LIRs having higher 
sensitivity in the same zones. 

Both UC and DC was also achieved in 
La2Zr2O7 pyrochlore oxide nanoparticles (not 
core-shell) by judicious choice of dopant and 
co-dopant (Figure 8).39 The mechanism of 
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(NTCELs). It was fruitful in achieving a more accurate temperature read-out with relative 
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oC). While most of the reports either used TCLs or NTCELs based single LIR for temperature 

sensing that resulted in low Sr values at some temperature zones, in our case, the low Sr values in 

different temperature zones for one LIR are re-compensated by other LIRs having higher 

sensitivity in the same zones.  

 
Figure 7: Improved luminescence in Th4+ co-doped YF3:Yb3+,Er3+ nanorods for cryogenic 

thermometry43 
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YF3:Yb3+,Er3+ nanorods for cryogenic thermometry43
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energy transfer is discussed in 
detail in this article itself. Infact, 
dual UC; NIR to visible as well 
as NIR to UV were observed. It 
was also found that UC intensity 
can be enhanced substantially by 
inculcating symmetry lowering 
which was successfully achieved 
by lithium co-doped structural 
phase transition from ordered 
pyrochlore to disordered fluorite 
structure in La2Zr2O7 pyrochlore 
oxide nanoparticles (Figure 9).37

The potential of RE doped 
oxide nanoparticles are further 
elaborated in generating singular 
emission which is highly desirable 
for bioimaging applications. Only 
issue with Er/Yb based UC is, it 
always gives a mixture of red and 
green emissions. Biological tissues 
show low absorption in the red 
(600-700 nm) and near infrared 
(NIR, 700-1100 nm) region. Hence, 
this region of spectrum has large 
penetration depth in the tissues 
and considered ideal in bioimaging. 
However, the green emission from 
this Yb/Er combination is undesired 
due to its high absorption with 
potential of causing damage to 
cell/tissues. In most cases red/
green ratio in Er3+/Yb3+ combination 
is modified by altering the ratio 
of dopant ions or optimizing the 
annealing condition. But complete 
prevention of green emission 
proved exceedingly difficult. Most 
of the reported literatures have 
produced singular red emission in 
UC phosphor by co-doping Mn2+ in 
Er3+/Yb3+ combination or by using 
Mn2+ consisting host such as MnF2, 
NaMnF3 etc. Manganese, owing to 
multiple oxidation sates, disturbs 

Both UC and DC was also achieved in La2Zr2O7 pyrochlore oxide nanoparticles (not core-shell) 

by judicious choice of dopant and co-dopant (Figure 8).39 The mechanism of energy transfer is 

discussed in detail in this article itself. Infact, dual UC; NIR to visible as well as NIR to UV were 

observed. It was also found that UC intensity can be enhanced substantially by inculcating 

symmetry lowering which was successfully achieved by lithium co-doped structural phase 

transition from ordered pyrochlore to disordered fluorite structure in La2Zr2O7 pyrochlore oxide 

nanoparticles (Figure 9).37 

 
Figure 8: Schematic NIR to Visible and UV UC and NIR-A to NIR-B DC in single 

La2Zr2O7 pyrochlore oxide nanoparticle-based phosphor.39  Figure 8: Schematic NIR to Visible and UV UC and NIR-A to NIR-B DC in 
single La2Zr2O7 pyrochlore oxide nanoparticle-based phosphor.39 

 
Figure 9: Schematic showing significant UC intensity enhancement in La2Zr2O7pyrochlore 

oxide nanoparticle-based phosphor induced by lithium co-doping assisted order-disorder 

phase transition.37  

 

The potential of RE doped oxide nanoparticles are further elaborated in generating singular 

emission which is highly desirable for bioimaging applications. Only issue with Er/Yb based UC 

is, it always gives a mixture of red and green emissions. Biological tissues show low absorption 

in the red (600-700 nm) and near infrared (NIR, 700-1100 nm) region. Hence, this region of 

spectrum has large penetration depth in the tissues and considered ideal in bioimaging. However, 

the green emission from this Yb/Er combination is undesired due to its high absorption with 

potential of causing damage to cell/tissues. In most cases red/green ratio in Er3+/Yb3+ 

combination is modified by altering the ratio of dopant ions or optimizing the annealing 

condition. But complete prevention of green emission proved exceedingly difficult. Most of the 

reported literatures have produced singular red emission in UC phosphor by co-doping Mn2+ in 

Er3+/Yb3+ combination or by using Mn2+ consisting host such as MnF2, NaMnF3 etc. Manganese, 

owing to multiple oxidation sates, disturbs the energy transfer kinetics to dopants. Hence, Yb-Er 

Figure 9: Schematic showing significant UC intensity enhancement in 
La2Zr2O7pyrochlore oxide nanoparticle-based phosphor induced by lithium 
co-doping assisted order-disorder phase transition.37 
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based UCNPs with just red emission are of great relevance. A very bright singular red emission 

in Cr3+ co-doped hydrothermally synthesized zinc gallium oxide nanoparticles doped with Er3+, 

Cr3+ by high temperature (700-800 oC) annealing (Figure 10a and b) is achieved (Figure 10d).41  

This is achieved by absorption of green emission from Er3+ by Cr3+ and back energy transfer to 

the 4F9/2 level of Er3+ (Figure 10c). These NPs also show DC directly emitting NIR emission 

under 254 nm excitation. The simultaneous dual NIR and UV excitation makes illegal imitation 

exceedingly difficult, improving the level of anti-counterfeiting.  

 
Figure 9:  (a) UC emission spectra, (b) fractional distributions of green- and red-band 

intensities, (c) Mechanism of green photon absorption by Cr3+ followed by back energy to 

Er3+ transfer which is responsible for singular emission and (d) Schematic showing high 

temperature annealing is needed for efficient diffusion of the Yb3+, Er3+, and Cr3+ 

dopant/co-dopant ions into the ZGO oxide nanoparticle host.41 
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1. Introduction

With increasing pollutants in the water 
bodies, due to untreated wastewater being 
thrown into the natural sources of water from 
the textiles industries and households, problem 
of increasing wastewater has become severe with 
each day passing by. This continuously endangers 
human health and natural environment[1]. Since 
decades, several conventional methods such 
as sedimentation, filtration through chemical 
and membrane technologies have been used 
to eliminate degradation-resistant pollutants 
such as harmful dyes or hazardous chemicals 
[2-4]. As advances to tackle this challenge, 
photocatalytic techniques have drawn much 
attention due to their high efficiency and low 
toxicity in decomposing organic contaminants 
under light exposure, thus provides green and 
eco-friendly solutions[4]. Several photocatalysts 
such as CdS, TiO

2
, Fe

2
O

3
, ZnO, SnO2 and many 

more, have been widely studied for wastewater 
treatment [5-7], however, few catalysts like TiO

2
 

show limited efficiency due to its wider bandgap 
and higher electron-hole recombination [5], 
generally, such photocatalysts work in the range 
of ultraviolet light thus, making them less user 
friendly [6]. Therefore, it is extremely important 
to develop highly efficient visible-light-driven 
photocatalysts for the degradation of organic 
chemical pollutants.

In addition, it is well known that powders 
of photocatalyst are usually used during 
wastewater purification process, but it is hard 
to recollect these powders from the treated 
waters and thus, they themselves become a 
contamination in the due course of process in 
the water bodies. Therefore, thicker films or self-
standing films of photocatalyst shows higher 
scopes and efficiency for practical wastewater 
treatment process, moreover, the stability of 
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Abstract

Zinc oxide tetrapods (ZNT) based thick films were synthesized with different concentration of ZNT 
dissolved in Polyehtylene Glycol (PEG) solution through chemical routes. Synthesized solution 
was probe sonicated and spin coated on Glass and ITO substrates followed by characteristic 
analysis using SEM with EDX, FTIR and UV Vis. spectrophotometer. SEM images shows the 
composite formation of ZNT with PEG with their legs intact, thus forming catalysis electrode3D 
network. FTIR shows the functional groups bond energies for the synthesized samples. Further, 
photodegradation of methylene blue dye was performed with the synthesized samples as both 
the materials are UV sensitive. The photodegradation rate was found to improve in the presence 
of composite sample due to efficient charge separationand found to be promising alternative for 
wastewater treatment and thus, environmental remediation. The sample would be treated with 
energetic ions for the enhancement in the properties further.
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films usually affects photocatalytic efficiency 
[3]. Consequently, the development of stable 
and highly efficient photocatalytic materials is in 
much demand to meet present challenges. Several 
studies have shown that composite materials may 
serve as better catalysts by improving the charge 
separation and transfer in the wider absorption 
region. Zinc oxide (ZnO) and titanium dioxide 
(TiO

2
) are wide bandgap semiconductors and 

may function as photocatalysts [5, 6]. Especially, 
ZnO semiconducting electrodes are widely 
investigated for application in dye-sensitized 
solar cells because they exhibit a high bulk 
electron mobility [6, 8]. With wide band gap of 
~3.37 eV, it has a large exciton binding energy 
of∼60 meV. It has gained a lot of interest because 
of advances in synthesis techniques in achieving 
the hierarchical shapes as per [9] specific 
applications such as photocatalysis due to its 
high photosensitivity and stability. Polyethylene 
Glycol (PEG) is a pore-forming agent, which 
occupy space in the agglomerated materials such 
as ZnO, thus, may be used to modify properties 
of various photocatalysts to affect the shape, 
size and crystal structure. Few reports suggests 
that due to different molecular weight of PEG, 

the size of nanoparticle may be manipulated 
for proper growth of the photocatalyst material 
which help in improving the catalytic actions in 
a better way [4][10-12]. Y K Mishra et al. [13] have 
grown unique 3-dimensional ZnO structure in 
the form of a tetrapod (ZNT) where each of the 
legs are structured 105° from each other. They 
have been utilized for multifunctional properties 
and applications [14]. Therefore, it is evident 
that polymer composite of PEG with ZNT may 
act as an efficient catalysis material thus, in the 
present study, thicker films of PEG with 2.5% 
ZNT have been formed on different substrates 
by chemical routes and characterized for their 
morphological, optical and structural properties. 
Their performance has been recorded as a catalyst 
material for the organic Azo dye degradation. 
Suchmaterials/electrodes havemore potential 
than the conventional powders used for catalysis 
due to higher efficiency and bio-degradable for 
wastewater treatment thus, in environmental 
remediation.

1. Materials and Methods

A pure Polyethylene Glycol (PEG) polymer 
solution Hybri-Max™ was procured from Sigma-

to modify properties of various photocatalysts to affect the shape, size and crystal structure. Few 

reports suggests that due to different molecular weight of PEG, the size of nanoparticle may be 

manipulated for proper growth of the photocatalyst material which help in improving the catalytic 

actions in a better way [4][10-12]. Y K Mishra et al. [13] have grown unique 3-dimensional ZnO 

structure in the form of a tetrapod (ZNT) where each of the legs are structured 105° from each 

other. They have been utilized for multifunctional properties and applications [14]. Therefore, it is 

evident that polymer composite of PEG with ZNT may act as an efficient catalysis material thus, 

in the present study, thicker films of PEG with 2.5% ZNT have been formed on different substrates 

by chemical routes and characterized for their morphological, optical and structural properties. 

Their performance has been recorded as a catalyst material for the organic Azo dye degradation. 

Suchmaterials/electrodes havemore potential than the conventional powders used for catalysis due 

to higher efficiency and bio-degradable for wastewater treatment thus, in environmental 

remediation. 

 

1. Materials and Methods 

A pure Polyethylene Glycol (PEG) polymer solution Hybri-Max™ was procured from Sigma-

Aldrich. The powder of ZnO Tetrapods (ZNT) was synthesized using Flame Transport Synthesis 

(FTS) technique in the laboratory using the powders of Polyvinyl Butyral (PVB) and Zn taken in 

the appropriate ratio.  

 
Figure 1: Schematic representation of synthesis of ZNT+PEG composite sample
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Aldrich. The powder of ZnO Tetrapods (ZNT) 
was synthesized using Flame Transport Synthesis 
(FTS) technique in the laboratory using the 
powders of Polyvinyl Butyral (PVB) and Zn taken 
in the appropriate ratio. 

The schematic view of the steps followed 
to form composite of (PEG+ZNT) is presented 
in figure 1. The details for the optimization of 
the synthesis technique for ZNT is discussed 
elsewhere [13, 14]. Solution of PEG polymer 
with ZNT powder was prepared in a glass 
bottle and ultra sonicated for 30 minutes and 
probe sonicated for 30 seconds at 50W power to 
form a uniform solution. The sonicated solution 
was drop casted on different substrates (Si, ITO 
coated glass and CaF2) with a 20 microliters 
pipette and further, spin coated at 1000 rpm 
for ∼5 to 10 layers to form a thick layer of the 
composite and then dried on a heater plate 
at 110°C for 30 minutes. Their morphologies, 
composition was analyzed with Scanning 
electron Microscope (SEM) from Hitachi at an 
electron energy of 5keV with EDX performed 
at 10keV of energy and absorption properties 
of the composite samples were analyzed using 
FTIR spectrophotometer, IRAffinity-1S from 
SHIMADZU, USA for PEG and ZnO functional 
groups in transmittance mode from 400 to 
4000 cm-1. UV visible absorption spectra were 
measured using UV-2700 spectrophotometerfrom 
SHIMADZU, USA in the range of 450 to 700 
nm. Methylene blue (Azo) dye solution (0.1µM) 

was used as contaminant in deionized water 
and its photocatalytic degradationfor different 
exposure times under tungsten UV lamp 
(∼equivalent to one sun intensity) in the presence 
of catalysis solution was recordedusing UV-vis 
spectroscopy in aquartz cuvette.The synthesis 
and characterization of the samples were 
performed in University of Southern Denmark 
(SDU), Denmark.

2. Results and Discussion

The samples prepared by chemical routes, 
were characterized with Surface profilometer 
for knowing the thickness of the layer which 
was found to be ∼164 µm. The films surface 
was inspected by optical microscope first to 
know about its uniformity followed by SEM 
measurements. 

SEM images shows the ZnO tetrapod 
formation with inset highlighting one of the 
tetrapods in figure 2 (inset) with EDX performed 
on one of the legs for compositional information. 
The dimension of the terapods was found to 
lie between 10 to 50 µm, with each of the leg 
arranged at 105° with respect each other to form a 
tetrapodal geometry, thus, forming a 3D network 
with PEG. The legs of the tetrapod’s are ~2 micron 
thick and ~20 micron in length, getting tapered at 
the ends (see the inset). EDX was performed on 
one of the legs of ZNT and presence of Zn with 
other elements like C and O suggests the capping 
of PEG on ZNT. PEG is known to be an important 

 
Figure 2: SEM image of the composite sample, inset showing one tetrapod, one of its legs shown with 

corresponding EDX 

SEM images shows the ZnO tetrapod formation with inset highlighting one of the tetrapods in 

figure 2 (inset) with EDX performed on one of the legs for compositional information. The 

dimension of the terapods was found to lie between 10 to 50 µm, with each of the leg arranged at 

105° with respect each other to form a tetrapodal geometry, thus, forming a 3D network with PEG. 

The legs of the tetrapod’s are ~2 micron thick and ~20 micron in length, getting tapered at the ends 

(see the inset). EDX was performed on one of the legs of ZNT and presence of Zn with other 

elements like C and O suggests the capping of PEG on ZNT. PEG is known to be an important 

capping material which can bind to the ZnO thus, supports the growth in a particular direction. 

Therefore, due to the incorporation of PEG, the ZnO tetrapods have a capping of PEG along its 

legs. This is also He-ion microscopy images (not shown here). 

IR spectroscopy gives qualitative information about the way in which the adsorbed PEG 

molecules are bound to the surface of ZnO. The peak between 3200 and 3600 cm-1 suggests the 

presence of strong (O-H) hydroxyl group, however, shifted to lower wavenumber 3437 cm-1 due to 

the formation of hydrogen bond at the ZnO-PEG interface [15,16]due to capping of PEG over 

ZNT. However, the characteristic sharp peak of Zn–O at 685, 585, 503 and 465 cm-1 are visible 

with splits into two peaks in the presence of PEG (as highlighted in the spectra) [16]. 

Figure 2: SEM image of the composite sample, inset showing one tetrapod, one of its legs shown with corresponding EDX
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capping material which can bind to the ZnO thus, 
supports the growth in a particular direction. 
Therefore, due to the incorporation of PEG, the 
ZnO tetrapods have a capping of PEG along its 
legs. This is also He-ion microscopy images (not 
shown here).

IR spectroscopy gives qualitative information 
about the way in which the adsorbed PEG 
molecules are bound to the surface of ZnO. 
The peak between 3200 and 3600 cm-1 suggests 
the presence of strong (O-H) hydroxyl group, 
however, shifted to lower wavenumber 3437 cm-1 
due to the formation of hydrogen bond at the 
ZnO-PEG interface [15,16]due to capping of PEG 
over ZNT. However, the characteristic sharp peak 
of Zn–O at 685, 585, 503 and 465 cm-1 are visible 
with splits into two peaks in the presence of PEG 
(as highlighted in the spectra) [16].

Table 1 shows the stretching and bending 
of various functional groups present in the 
composite material. As evident in the FTIR 
spectra that there are many peaks withlower 
transmittance are visible, however, major ones 
are shown here.The strong C-O stretching peak 

observed between 1550 and 1690 cm−1 and the 
asymmetric stretching of the C-O between 1300 
and 1390 cm−1 were also detectable.

Table 1: Functional groups present in the 
Composite sample

Functional 
Group

Wavenumber 
(cm-1)

Bending

OH 3437 2846 1965 (Symmetric 
stretching)

C-O-C 1652 1463 1360 (Asymmetric/ 
symmetric 
stretching)

C–H 892 840 Bending

Zn–O 685 586      
503

465 Stretching 
(metal oxide)

The presence of a peak at 830 cm−1 indicates 
that there are C-H groups from PEG. The peak 
at lower wavenumbers indicates the Zn-O at 494 
to 685 cm−1 [16].

The absorbance spectra were recorded 
using the UV Visible spectrophotometer in the 

 
Figure 3: FTIR spectra of the polymer composite of PEG and ZNT sample 

Table 1 shows the stretching and bending of various functional groups present in the composite 

material. As evident in the FTIR spectra that there are many peaks withlower transmittance are 

visible, however, major ones are shown here.The strong C-O stretching peak observed between 

1550 and 1690 cm−1 and the asymmetric stretching of the C-O between 1300 and 1390 cm−1 were 

also detectable. 
Functional Group Wavenumber (cm-1) Bending 

OH 3437 2846 1965 (Symmetric stretching) 

C-O-C 1652 1463 1360 (Asymmetric/ symmetric stretching) 

C–H 892 840  Bending 

Zn–O 685 586      503 465 Stretching (metal oxide) 

Table 1: Functional groups present in the Composite sample. 

The presence of a peak at 830 cm−1 indicates that there are C-H groups from PEG. The peak at 

lower wavenumbers indicates the Zn-O at 494 to 685 cm−1 [16]. 

The absorbance spectra were recorded using the UV Visible spectrophotometer in the 

wavelength range of 200 to 700 nm as shown in figure 4. The absorption corresponding to PEG is 

visible at ~235 nm [16]. With incorporation of ZNT, the absorbance shifted to higher 

wavelength,due to the bond formation between Zn and H, as PEG has a capping over ZNT, and the 

FTIR of ZNT+PEG 

Figure 3: FTIR spectra of the polymer composite of PEG and ZNT sample
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wavelength range of 200 to 700 nm as shown in 
figure 4. The absorption corresponding to PEG 
is visible at ~235 nm [16]. With incorporation 
of ZNT, the absorbance shifted to higher 
wavelength,due to the bond formation between 
Zn and H, as PEG has a capping over ZNT, and 
the peak corresponding to ZnO is visible at ~ 372 
nm, shifted from its original position of 376 nm 
[17].This is also suggested by FTIR and He-ion 
microscopy images.

 
Figure 5: Absorption spectra of 0.1µ methylene blue (Azo) dye showing photocatalytic reduction in the 

presence of composite solution mixed with deionized water, inset shows the photodegradation rate of the 

dye.  

 

PEG) in deionized water. Figure 5 shows the absorption spectra of methylene blue dye exhibiting 

photocatalytic degradation in the presence of the catalyst for different UV light exposure time. The 

peak absorption of methylene blue is exhibited at 665 nm with a shoulder at 610 nm.Inset 

shows the rate of degradation. It can be clearly seen that absorption intensity falls with exposure 

time indicating dye degradation.  

The kinetic of the dye degradation is described as, 
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degradation rate as 0.022 per min. 
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constant. 

Aftera  cycle  of  UV exposure ,  the 
concentration of the undegraded dye was 
estimated from the absorption intensities andthe 
rate constant was determined by the slope of the 
plotof ln(C0/C) versus time shown in the inset 
of figure 4 and found to be 0.02198±0.00302, 
indicating the degradation rate as ∼0.022 per min.

As ZnO shows good photocatalytic 
degradation of organic compounds through 
indirect pathway involving hydroxyl radicals 
as the oxidizing agents, consequently, the as-
synthesized ZnO tetrapods capped with PEG 
reported here should show a higher photocatalytic 
activity because of their unique structure which 
have more active surface area for the binding of 
organic (dye) molecules. Methylene blue can be 
activated by light to an excited state which in turn 
activates oxygen to yield oxidizing radicals (OH). 
When exposed to UV light, the conduction band 
electrons (eCB

−) and valence-band holes (hVB
+) 

are generated on the surface of ZnO tetrapods 
capped with PEG. 
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The generated holes, reacted with PEG 
and water adhering to surfaces of ZnO to form 
highly reactive hydroxyl radicals (OH) which 
are responsible for degradation of organic dye 
[18] as shown in the schematic view in figure 6. 
The photocatalytic superiority of ZNT could be 
attributed to the presence of large specific area 
leading to the enhancement in dye adsorption, 
transportation and light harvesting. In addition to 
this, promotes the charge-transfer in the polymer 
composite material. Both the materials are UV 
sensitive and thus, the e-hole recombination was 
arrested.The mechanism of dye degradation in 
the presence of composite (ZNT+PEG) is given 
below:

ZnO + hν e- + h+

PEG+ hν e- + h+

e- + O2  O*
2 

-

Oxidation reaction:h+ +methylene blue dye CO2

h+ + H2O *OH+H+

Reduction reaction:*OH + methylene blue dye  
 CO2

Further, the increase in charge transfer rates 
drastically reduces the direct recombination of 
the photogenerated electron/hole pairs [18-20] 
which is essential to enhance the photocatalytic 
efficiency in the degradation of dye molecule. 
Thus, resulted in an excellent photocatalytic 
performance. The studies are in progress to 
improve the properties with energetic ions for 
more efficient environmental remediation.

As ZnO shows good photocatalytic degradation of organic compounds through indirect 

pathway involving hydroxyl radicals as the oxidizing agents, consequently, the as-synthesized 

ZnO tetrapods capped with PEG reported here should show a higher photocatalytic activity 

because of their unique structure which have more active surface area for the binding of organic 

(dye) molecules. Methylene blue can be activated by light to an excited state which in turn 

activates oxygen to yield oxidizing radicals (OH). When exposed to UV light, the conduction band 

electrons (eCB
−) and valence-band holes (hVB

+) are generated on the surface of ZnO tetrapods 

capped with PEG.  

 
Figure 6: Schematic of photocatalytic action of composite material 

The generated holes, reacted with PEG and water adhering to surfaces of ZnO to form highly 

reactive hydroxyl radicals (OH) which are responsible for degradation of organic dye [18] as 

shown in the schematic view in figure 6. The photocatalytic superiority of ZNT could be attributed 

to the presence of large specific area leading to the enhancement in dye adsorption, transportation 

and light harvesting. In addition to this, promotes the charge-transfer in the polymer composite 

material. Both the materials are UV sensitive and thus, the e-hole recombination was arrested.The 

mechanism of dye degradation in the presence of composite (ZNT+PEG) is given below: 

ZnO + h e- + h+ 

PEG+ h e- + h+ 

e- + O2  O*
2 

- 

Oxidation reaction:h+ +methylene blue dye CO2 

h+ + H2O *OH+H+ 

Figure 6: Schematic of photocatalytic action of composite 
material

Conclusion

In this study, a novel 3D polymer composite 
material has been synthesized with Zinc Tetrapods 
and polyethylene glycol as an electrode for the 
photocatalytic activities. The sample shows good 
absorption peaks in the FTIR spectra confirming 
various functional groups of the PEG and ZnO. 
The length of ZNTs were found to lie between 
10 to 50 µm. The samples have been tested for 
degradation of organic dye, methylene blue 
(azo dye)when mixed with deionize water 
(0.1mM) in the presence composite materialin the 
solution form using absorption spectroscopy for 
different exposure time of UV light.The improved 
degradation was found for higher UV exposure 
time showing good photocatalyst response with 
rate of degradation as ~0.022/min, thus, provides 
a promising alternative for wastewater treatment. 
Further, have shown significant implications 
in the environment remediation and in the 
fabrication of functional devices. 
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1. Introduction

The detection and precise quantification of 
bisulfite ions (HSO3

−)plays a crucial role in the 
realm of environmental science, as it enables the 
effective monitoring of air and water quality. 
These ions serve as a direct indicator of sulfur 
dioxide (SO2) pollution that upon extended 
exposure leads to various health concerns, 
including but not limited to asthma, chronic 

bronchitis, lung cancer, as well as neurological 
and cardiovascular diseases.1,2In contrast, its 
hydrated form bisulfite (HSO3

−)is widely used 
in food and pharmaceutical preservation.3,4The 
consumption of an excessive amount of HSO3

− 
can lead to allergic responses, irritation of the skin 
and eyes, and potential harm to body tissues.5 
In light of the adverse outcomes associated with 
these repercussions, a number of conventional 
analytical techniques have been devised to 

A Chromene-Tetraphenylethylene AIEgen-based Chemodosimeter 
forHighly Selective Turn-off Detection of Bisulfite Ions and 

Nitroaromatics

Akhil A. Bhosle, Mainak Banerjee,*Viraj G. Naik,Amrita Chatterjee*
Department of Chemistry, BITS Pilani, K K Birla Goa Campus, NH 17B Bypass Road, Zuarinagar 403726, 

Goa, INDIA
*E-mail: mainak@goa.bits-pilani.ac.in., amrita@goa.bits-pilani.ac.in

ABSTRACT

Bisulfite (HSO3
−) is widely employed as an antioxidant, color stabilizer, and in the preservation 

of foods, pharmaceuticals and beverages. However, an excess of HSO3
− can result in tissue 

damage, allergic reactions, and skin or eye discomfort. We have developed a chromene-coupled 
tetraphenylethylene-based aggregation-induced emission-active probe (TPE-MLN) and utilized 
it as a turn-off chemodosimeter for the selective detection of HSO3

− ions. The AIE-active probe 
TPE-MLN is non-fluorescent in organic solvents and displays strong green emission at 516 nm at 
higher water fractions. The incremental addition of HSO3

− ions resulted in a turn-off response by 
its nucleophilic addition across the olefinic bond of TPE-MLN. In the presence of numerous other 
interfering cations, anions, amino acids and neutral molecules, TPE-MLNremains indifferent and 
thus, itfunctions as a sensitive sensor 
for the detection of HSO3

-ions with 
a limit of detection (LOD) as low 
as 9.36 ppb (0.9x10-7 M). Moreover, 
picric acid, one of the explosive 
nitroaromatics, was detected using 
the AIE property of TPE-MLN. Some 
benefits of this AIEgen over other 
molecular probes for HSO3

− ionsare 
its simple and affordable synthesis, 
quick response time, high selectivity 
and sensitivity and low LODs.
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1. Introduction 

The detection and precise quantification of bisulfite ions (HSO3)plays a crucial role in the 

realm of environmental science, as it enables the effective monitoring of air and water 

quality. These ions serve as a direct indicator of sulfur dioxide (SO2) pollution that upon 

extended exposure leads to various health concerns, including but not limited to asthma, 

chronic bronchitis, lung cancer, as well as neurological and cardiovascular diseases.1,2In 

contrast, its hydrated form bisulfite (HSO3)is widely used in food and pharmaceutical 

preservation.3,4The consumption of an excessive amount of HSO3 can lead to allergic 

responses, irritation of the skin and eyes, and potential harm to body tissues.5 In light of the 

adverse outcomes associated with these repercussions, a number of conventional analytical 

techniques have been devised to evaluate the concentrations of these anions such as 
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evaluate the concentrations of these anions such 
as chromatography, electrochemical analysis, 
and capillary electrophoresis.6-9 However, 
the utilization of small-molecule fluorescent 
probes which can add HSO3

− by nucleophilic 
addition to electron-deficient olefinic bonds 
has demonstrated itself as a more practical and 
efficient strategy for the prompt and highly 
sensitive identification of HSO3

−.10-13This process 
leads to a discernible alteration in fluorescence.

In 2001, Tang and co-workers introduced 
a breakthrough in the field of fluorescence 
with the discovery of aggregation-induced 
emission (AIE) active fluorophores.14,15 These 
innovative compounds offered a compelling 
solution to the persistent challenge of the 
aggregation-caused quenching (ACQ) effect 
that had plagued conventional fluorophores for 
years. Notably, these AIE-active fluorophores 
exhibit remarkable fluorescence when they 
are aggregated, effectively overcoming the 
limitations associated with classical fluorophores. 
Different AIEgens have been explored and 
demonstrated for sensing applications having 
scaffolds based on tetraphenylethylene (TPE), 
silole, borondipyrromethene, etc.16-19Among 
AIEgens, TPE stands out as an exceptionally 
versatile luminogen owing to its straightforward 
and cost-effective synthesis, as well as its 
uncomplicated functionalization. TPE derivatives 
have become a popular choice for sensing and 
imaging applications, both within our research 
group and among other research groups.20-23

Heterocyclic frameworks incorporating 
2-amino-3-cyano-4H-pyran, exemplified 
by compounds like 2-amino-4H-benzo[h]
chromene-3-carbonitrile and 2-amino-5-oxo-
4H,5H-pyrano[3,2-c]chromene-3-carbonitrile, 
represent significant structural motifs widely 
found in natural products and biologically 
active compounds.24Traditional chromene 
derivatives typically exhibit absorption peaks 
in the ultraviolet range, limiting their utility in 
biological applications.25,26 Consequently, there is 
a strong imperative to create analogs of chromene 

that possess extended absorption and emission 
wavelengths. Although fluorescent probes based 
on TPE have been extensively investigated, the 
exploration of AIE-active chromene-based TPE 
for sensing purposes has been scarce. Bearing 
this in mind, our research endeavors focused 
on the development of a chromene-coupled 
TPE molecule, with the anticipated outcome of 
a bathochromic shift in the emission maxima of 
the TPE component.

Nitroaromatics are potent explosives 
that involve simpler synthetic protocols 
and are easily portable. When detonated, 
these substances affect the environment by 
contaminating the soil, water, and air systems. 
They are responsible for human health hazards, 
including cancer, liver dysfunction, respiratory 
issues, and skin ailments over long-term exposure. 
Nitroaromatic substances such as picric acid 
(PA), tri-nitrotoluene (TNT) and di-nitrotoluene 
(DNT) have been included in the Environmental 
Protection Agency’s list of priority pollutants 
due to their substantial toxicity.27,28 Thus, highly 
accurate nitroaromatic compound detection is 
crucial and relevant. Numerous primary and 
advanced techniques have been used to detect 
such materials, including gas chromatography 
with a mass spectrometer, nuclear quadrupole 
resonance, X-ray diffraction and enhanced 
Raman spectrometry.29 However, due to their 
high cost, complexity, lack of precision and 
labor-intensive nature of the manipulations, these 
techniques are not very practical for explosives 
detection in the field.30 More interest has recently 
been shown in fluorescent chemosensors due to 
their operational simplicity, cost-effectiveness 
and reaction speed superiority.31 In this work, we 
demonstrate the synthesis of a chromene-coupled 
TPE molecule (TPE-MLN) and its utilization for 
the selective and sensitive detection of bisulfite 
ions and nitroaromatic compounds.

2. Experimental Section
2.1 Chemicals and reagents

R e a g e n t s  l i k e  m a l o n o n i t r i l e  a n d 
piperidine were obtained from TCI Chemicals. 
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Different inorganic salts and common solvents 
were procured from different commercial vendors 
and used as obtained. To monitor the progress 
of the reaction, thin-layer chromatography (TLC) 
was used with silica gel plates (0.25 mm, 60F-254). 
The TLC was visualized using UV lamps with 
wavelengths of 254 nm and 365 nm. Ultrapure 
deionized water was obtained using a Millipore 
water system (18 MΩ.cm) and was purged 
with N2 for a duration of 15 minutes prior to its 
utilization.

2.2 Instrumentation and measurements

A 500  MHz Bruker  Avance  NMR 
spectrometer was used to record the NMR spectra. 
HRMS spectra were acquired from an Agilent LC-
MS (model 6545 QTOF) equipped with an ESI 
ion source. JASCO V770 and FP-8500 model UV-
vis spectrophotometer and spectrofluorimeter 
were used with the data pitch and bandwidth 
fixed at 1 nm and excitation and emission slit 
widths maintained at 2.5 nm for all the UV-vis 
and fluorescence experiments, respectively. The 
LCMS spectra were obtained using Agilent 6400B 
LC-MS, with ESI as the ion source.

2.3.Synthesis of 2-amino-6-(1,2,2-triphenylvinyl) 
-2H-chromene-3-carbonitrile (TPE-MLN):

The starting material, TPE-OH-CHO, was 
prepared using a two-step synthetic pathway 
in accordance with our previously documented 
method.32 In a 25 mL round-bottom flask,TPE-
OH-CHO (0.38 g, 1 mmol)was taken and 
dissolved in 5 mL of ethanol. To this, 
malononitrile (66 mg, 1 mmol) and a catalytic 
amount (10 mol%) of piperidine were added. 
The reaction mixture was then refluxed for 3 
h. After cooling the reaction mixture to room 
temperature, the precipitatedproduct was 
collected by filtration and washed with water 
to afford a yellow solid. The crude product was 
further purified using flash chromatography, 
to afford the pure compound TPE-MLN as 
a yellow solid(0.39 g, yield: 91%);1H NMR 
(500 MHz, CDCl3): δ (ppm) 8.71 (dd, J1 = 
2.0 Hz, J2 = 8.5 Hz, 1H), 7.37 (dd, J1 = 2.0 

Hz, J2 = 8.5 Hz, 1H), 7.23 (d, J = 8.5 Hz, 1H), 
7.18-7.04 (m, 16H), 5.90 (s, 1H), 5.61 (s, 2H); 
13C {1H} NMR (125 MHz, CDCl3): δ (ppm) 
161.8, 161.7, 158.5, 157.3, 150.6, 143.1, 142.8, 
142.7, 142.2, 141.9, 138.6, 137.5, 131.5, 131.2, 
131.1, 128.12, 128.06, 127.7, 126.98, 126.93, 
126.88, 118.0, 116.9, 115.8, 115.4, 98.7, 79.6; 
HRMS (ESI-TOF): m/z calcd for C30H22N2O 
[M+H]+427.1805, found 427.1811.

2.4. Analytical procedures

In order to perform spectrofluorimetric 
analyses, a stock solution of 1 mM TPE-MLN 
in THF was prepared and further diluted to 10 
µM in 97% water–THF using deionized water 
(Milli-Q, 18 MΩ.cm) as per the requirement of 
the spectrofluorimetric studies. A 1 mM stock 
solution of bisulfite (HSO3

−) was prepared from 
its sodium salt. Similarly, for the selectivity 
studies, salts of sodium or potassium ions were 
used for different anions and nitrates or chlorides 
for different cations. The different pH solutions 
were prepared from three buffer systems: 0.1 M 
acetate buffer (pH 3–6), 10 mM HEPES buffer 
(pH 7–10) and carbonate buffer pH (11–12). 
Different food samples (white sugar, brown 
sugar, crystal sugar, mushroom, and vermicelli) 
were taken in water (1g of finely crushed sample 
in 5 mL water), sonicated for 30 minutes, and 
then further incubated for 24 hours in order to 
perform real sample analysis. For analysis, the 
supernatant solution was collected and spiked 
with known quantities of HSO3

−. Any particulate 
matter in the solutions was filtered out using 
a 0.22 μm syringe filter prior to each analysis. 
Afterexcitation at 365 nm, all of the fluorimetric 
data were acquired between 370 and 650 nm. 
The average data for each analysis is provided 
based on three repetitions carried out at room 
temperature (25 °C).

2.5 DFT studies

Quantum mechanical investigations were 
conducted using the Gaussian 09 program, 
encompassing semiempirical-CI (ZINDO/
CI), density functional theory (DFT) and time-
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dependent density functional theory (TD-
DFT).33,34The ground and excited state geometry 
optimization calculations of TPE-MLN were 
executed with Becke’s three-parameter exchange 
functions (B3) coupled with the Lee-Yang-Parr 
correlation function (LYP), and a 6-31G basis set.

3. Results and discussion

3.1. Design and synthesis of the probe, TPE-MLN

A chromene-based tetraphenylethylene 
probe was expected to behave as a chemodosimeter 
for bisulfite ions by the addition of the analyte 
across the olefinic double bond. Accordingly, a 
D-π-A probe, 2-amino-6-(1,2,2-triphenylvinyl)-
2H-chromene-3-carbonitrile (TPE-MLN)was 
designed and synthesized byincorporating a 
2-amino-chromene-3-carbonitrilemoiety into a 
tetraphenylethylene scaffold.It was envisaged that 
the presence of the strong electron-withdrawing 
group (−CN)wouldresult in the quick addition of 
bisulfite ionsacross the electron-deficient olefinic 
bond of the chromene moiety leading to a change 
in fluorimetric response. The interruption in the 
extended conjugation of the probe by the addition 
of the analyte was expected to produce a turn-
off response. The chemodosimeter, TPE-MLN 
was synthesized via a single-step reaction from 
TPE-OH-CHO (Scheme 1). The starting material, 
TPE-OH-CHOwas synthesized by a two-step 
synthetic route following our previously reported 
procedure.32Firstly, the McMurry coupling 
reaction of benzophenone with 4-hydroxy 

benzophenone afforded TPE-OH in good yields. 
Further TPE-OH was formylated at the ortho 
position following Duff’s procedure, to produce 
TPE-OH-CHO as a yellow solid. The target 
compound, 2-amino-6-(1,2,2-triphenylvinyl)-
2H-chromene-3-carbonitrile (TPE-MLN), was 
synthesized by Knoevenagel condensation of 
TPE-OH-CHO and malononitrile in the presence 
of piperidine which upon further cycloaddition 
afforded the probe molecule as a yellow-
colored solid with bright green fluorescence 
and an excellent yield of 91%. TPE-MLN was 
characterized using 1H NMR, 13C NMR, and 
HRMS analysis (Fig. 1). The peaks at δ 8.71, 
5.90 and 5.61 in1H NMRcorresponded to the 
olefinic proton, the proton of the carbon-
bearing -NH2 group and of the -NH2 group, 
whereas, the peaks at 115.39, 98.72 and 79.58 
in 13C NMR correspond to the nitrile group, 
olefinic carbon-bearing nitrile group, and 
carbon-bearing -NH2 group of chromene 
moiety, respectively, indicating the formation 
of TPE-MLN.
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3.2.AIE property ofTPE-MLN

The AIE-active tetraphenylethylene scaffold 
was expected to give the chemodosimeter 
an aggregation-induced emission property. 
Accordingly, the solubility of the probe was 
first checked in different organic solvents. The 
probe was non-fluorescent in organic solvents 
and highly soluble in different polar protic and 
polar aprotic solvents such as THF, ACN, DMF, 
DMSO and EtOH. The UV-vis response of the 
probe (10 µM) was first studied which showed 
an absorption band at 365 nm (Fig. 2A). Next, 
the emission properties of the probe (10 µM) 
were investigated and a negligible emission was 
observed at lmax 516 nm upon excitation at 365 
nm in all the solvents. The aggregation-induced 
emission behavior of the probewas studied in 
THF by gradually increasing the water fractionsin 
the water-organic solvent mixtures. The probe 

displayed typical AIE behavior with negligible 
fluorescence emission in THF and water–THFtill 
60% water fractions (Fig. 2B,C). A further increase 
in the water fractions resulted in fluorescence 
enhancement with the maximum intensity being 
displayed at 97% water fraction.A slight decrease 
in emission intensity at 99% water fraction may 
be due to phasing out of the probe molecule due 
to its reduced solubility in the higher percentage 
of water. Subsequently, the higher water fractions 
(80-99%) were investigated with other organic 
solvents as well and it was observed that the AIE 
behavior is similar with comparable emission 
properties (Fig. 2D). However, the water–THF 
fraction was found to have higher intensities 
compared to other solvent–water fractions 
and hence 97% water–THF was considered 
as the ideal solvent system to conduct all the 
fluorimetric studies. In a subsequent study, the 
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quantum yield of TPE-MLN in the aggregated 
state was recorded with fluorescein as the 
standardwhichdisplayed a decent fluorescence 
quantum yield (ΦF)of 0.19 in 97% water–
THF.35Next, we investigated the emission 
characteristics of TPE-MLN across a broad pH 
range (pH 3-12). Notably, TPE-MLN exhibited 
strong fluorescence within the near-neutral pH 
range (pH 6-8). As anticipated, the most intense 
emission occurred at the physiological pH of 
7.4, underscoring the applicability of the probe 
for sensing purposes in biological samples at 
physiological conditions (Fig. 2E).

3.3.HSO3
-sensing studies using TPE-MLN

In the next set of experiments, the fluorimetric 
responses of TPE-MLN(10 µM in 97% water–THF) 
were recorded upon the incremental addition of 
HSO3

−. The addition of HSO3
− ions resulted in 

a quick decrease in the emission intensities at 
516 nm.The decrease was proportional to HSO3

− 

ions concentration and saturation point was 
eventually obtained upon the addition of 10 µM 
(1.0 equiv) of HSO3

− with almost98% fluorescence 
quenching (Fig. 3). Further, the maximum 
fluorescence quenching of 10 µM TPE-MLN 
upon the addition of 1.0 equivalent of HSO3

− 

required just 5 min (Fig. 4A). The pH-dependent 
response of TPE-MLN was examined across 
various pH ranging from 3 to 12. As anticipated, 
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within the 0–2.5 µM range, with a high regression 
coefficient (R2 = 0.9946). Using this data, the limit 
of detection (LOD) was calculated as 0.9 x 10-7 M 
(9.36 ppb) according to the 3σ/k equation (Fig. 
4B).

3.4.Selectivity of TPE-MLN towards HSO3
-

After having successfully showcased the 
sensitive detection of HSO3

− ions, the next 
crucial step was to ascertain and address the 
potential interference of other analytes in the 
sensing process. Consequently, a comprehensive 
evaluation was conducted to identify potential 
competitors to HSO3

−, including anions like Cl−, 
Br−, I−, F−, CN−, N3

−, SH−, OH−, NO3
−, NO2

−, SO4
2−, 

PO4
3−, SCN−, ClO−, and S2−. To assess their impact, 

these analytes were introduced in substantial 
excess (100 µM) to a 10 µM solution of TPE-MLN, 
and their individual responses were meticulously 
recorded. Encouragingly, no significant reduction 
in fluorescence intensity at 516 nm was observed 
upon the addition of any of these analytes (Fig. 
5).Subsequently, an extensive assessment was 
carried out to examine the potential interference 
of various metal ions (Na+, Mg2+, Al3+, K+, Ca2+, 
Cr3+, Mn2+, Fe2+, Fe3+, Co2+, Ni2+, Cu2+, Zn2+, Pd2+, 
Ag+, Hg2+, Pb2+), amino acids (tyr, gly, ala, phe, 
asp, his, pro, cys, arg, val, ser, leu, lys, L-DOPA), 
neutral amines (Urea, HMTA, dopamine, Et3N, 
guanine, benzylamine, Et2NH, 2-aminopyridine, 
3-aminopyridine, dicyclohexylamine, pyridine, 
melamine, 4-aminopyridine, dodecyl amine).
Each of these ionswas added at a concentration 
of 100 μM to the probe solution (10 μM), yielding 
consistent results with no significant drop in 
emission intensities. These consistent outcomes 
in all the studies confirmed the selectivity of the 
probe, TPE-MLN towards HSO3

−.

3.5.Theoretical calculations by DFT study

The electronic distribution of TPE-MLN in 
its energy-minimized ground and excited states 
was elucidated through the application of density 
functional theory (DFT) and time-dependent 
density-functional theory (TDDFT) methods.33,34 
In TPE-MLN, the electron density is mostly 
located over the tetraphenylethylene moiety 
in the HOMO, which gets delocalized towards 
the chromene moiety in the LUMO. However, 
the electronic distribution is not completely 
delocalized and the electronic cloud is slightly 
located on the phenyl rings of TPE as well(Fig. 6). 
In contrast, the electronic density is completely 
shifted onto the electron-deficient chromene 
moiety of the probe in TPE-MLN-SO3H. As the 
electronic transitions from the ground state to 
an excited state occur, the electron-withdrawing 
chromene segment forms a pathway for the 
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the nucleophilic addition reaction, ultimately 
resulting in the extinguishing of TPE-MLN-SO3H 
fluorescence. 

3.6. Sensing mechanism

The nucleophilic addition of an analyte 
such as HSO3

− across an olefinic double bond is 
well known and many chemodosimeters have 
been demonstrated adopting the 
nucleophilic attack of bisulfite 
across an electron-deficient 
olefinic bond as of now. However, 
to prove the sensing mechanism 
of the chemodosimeter towards 
HSO3

−, the Job’s continuous 
variation plot was studied. 
Accordingly, the concentration of 
the probe, TPE-MLN and HSO3

− 

ions were varied between 0–10 
µM in the sensing assembly and 
their fluorimetric responses were 
recorded at optimized parameters. 
The Job’s plot displayed a 
deviation point at 0.49 mole 
fraction of HSO3

− indicating a 1:1 
binding stoichiometry between 

TPE-MLNand HSO3
− ions (Fig. 7). As discussed in 

section 3.5, the electron-withdrawing chromene 
segment serves as a conduit for the displacement 
of the π-electron cloud, facilitated by the addition 
of HSO3

− for the electronic transitions from the 
ground state to an excited state, leading to the loss 
of extended conjugation. This process effectively 
couples with non-radiative decay during the 
nucleophilic addition, ultimately quenching 
TPE-MLN-SO3H fluorescence during the charge 
transfer (Scheme 2).Furthermore, the definitive 
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confirmation of nucleophilic addition of HSO3
− 

across the olefinic bond (as depicted in Scheme 
2) is reinforced by the prominent appearance of 
a peak at m/z 508.1, which corresponds to the 
molecular ion peak of TPE-MLN-SO3H in the 
ESI-MS.

3.7. Determination of HSO3
− in real samples

After demonstrating the high selectivity 
and sensitivity of TPE-MLN towards HSO3

−, 
assessing the practical utility of TPE-MLN in 
real-world applications was crucial. To this end, 
the detection of HSO3

− using TPE-MLN was 
carried out by spiking HSO3

− ions into various 
food samples such as mushroom, vermicelli, 
crystal sugar, white sugar and brown sugar at 
lower concentration levels. The fluorescence 
intensities of the solutions, following the addition 
of TPE-MLN (at a concentration of 10 µM), were 
recorded. Subsequently, these intensities at 516 
nm were utilized to generate %recoveries for 
the analytes within the real samples based on 
a standard graph. Remarkably, all the tested 
samples exhibited significant HSO3

− recovery, 
irrespective of their source (Table 1). Overall, 
it can be concluded that the sensing system 
performs exceptionally well for the detection of 
HSO3

− in real-world samples. 

3.8.Nitroaromatics sensing studies using TPE-MLN

The AIE-active probe, TPE-MLN was 
expected to show a turn-off response towards 
nitroaromatic compounds (NACs) as these 
compounds being strong energy acceptors tend 

Table 1. Real sample analysis data for different food samples pre-spiked with the known 
concentration of HSO3

-

Sample HSO3
- added (µM) HSO3

- found (µM) Recovery (%) RSD (n = 3)

White Sugar

Brown Sugar

Crystal Sugar

Vermicelli

Mushroom

0.4

0.8

1.2

1.6

2.2

0.407

0.821

1.202

1.662

2.264

101.8

102.7

100.2

103.9

102.9

3.8

3.0

3.4

2.8

3.9

to quench the AIE property of the AIEgens 
by intercalation in between the layers of the 
aggregated states of the electron-rich AIEgens. 
NACs such as picric acid (PA), tri-nitrotoluene 
(TNT) and di-nitrotoluene (DNT) have been 
included in the Environmental Protection 
Agency’s list of priority pollutants due to their 
substantial toxicity. The gradual addition of picric 
acid was found to quench the emission intensities 
of TPE-MLN and complete quenching occurred 
around 140 µM of PA. The ultimate saturation 
was observed around 100 µM of PA and a 
very high regression coefficient of 0.9993 was 
obtained (Fig. 8A). Encouraged by the results, 
the sensing of PA was also studied at a lower 
concentration range and again high linearity 
was displayed for concentration ranges of 0–10 
µM with a regression coefficient of 0.9969 (Fig. 
8B). The limit of detection was calculated using 
the 3σ/k equation and was found to be as low 
as 0.05 x 10-6 M (11.4 ppb). Next, the selectivity 
studies were conducted in the presence of a few 
other NACs and electron-deficient and electron-
rich aromatic compounds and selected neutral 
molecules. However, there was no discernible 
turn-off response, suggesting that TPE-MLN is 
only selective for nitroaromatics (Fig. 8C).The 
primary cause of fluorescence quenching can 
be attributed to the non-covalent interaction 
between the electron-rich aromatic rings of 
TPE-MLN and electron-deficient NACs. It is 
plausible that the intercalation of nitroaromatics 
within the organized array of TPE-MLN, driven 
by more favorable π–π interactions, disrupts its 
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aggregation, resulting in the loss of AIE property 
of the probe. Consequently, TPE-MLN exhibits 
exceptional promise as a probe for detecting 
electron-deficient nitroaromatics.

4. Conclusion

In summary,  we have successfully 
demonstrated the use of a chromene-coupled 
tetraphenylethylene-based aggregation-induced 
emission-active probe, TPE-MLN as a turn-off 
chemodosimeter for the selective detection of 
HSO3

− ions and nitroaromatics. TPE-MLN was 
synthesized via Knoevenagel condensation 
followed by cyclization. The probe exhibits high 
solubility and negligible fluorescence in various 
organic solvents. It demonstrates the classical 
behavior of aggregation-induced emission 
(AIE) compound, with steady fluorescence 

observed at elevated water fractions, reaching 
its peak emission intensity at a 97% water–THF 
mixture. It exhibits a descent quantum yield 
of 0.19 at 97% water–THF. Furthermore, TPE-
MLNshowed high selectivity towardsbisulfite 
ions, distinguishing itself from a plethora of 
competing interfering species, including anions, 
cations, amino acids, and neutral molecules. 
The Job’s plot and LCMS analyses established 
that the turn-off sensing occurs by the addition 
of the bisulfite ions across the olefinic bond of 
the chromene moiety in TPE-MLN. Notably, 
TPE-MLN boasts a remarkably low limit of 
detection (LOD) for bisulfite ions, quantified at 
0.9 x 10-7 M (9.36 ppb). Moreover, the probe’s 
AIE-quenching capability enabled the detection 
of picric acid, an explosive nitroaromatic, at the 
micromolar level, underscoring its versatility and 
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applicability in hazardous NACs sensing. TPE-
MLN offers several notable advantages including 
its straightforward synthesis, rapid response 
kinetics, an ultralow limit of detection for bisulfite 
ions, exceptional selectivity, and effectiveness in 
high aqueous environments.
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1. Introduction

Corrosion is an undesirable process 
responsible for a large loss of economy related 
to damage and maintenance costs. The oil and 
gas, petrochemical and other process-intensive 
plants are the major industries, which have to 
deal with the corrosion issues more frequently.
Due to easy weldability, cost effective and shock 
resistant properties, carbon steel is a material of 
preference in pipelines in a number of industries 
[1,2]. However, the corrosion of carbon steel 
is a major problem in these industries.On the 
other hand, copper has a wide range of applications 
including heat exchanger tubing. Although, copper is 
generally resistant toward the influence of atmosphere 
and many mild chemicals, however, it is known that 
in aggressive media it is susceptible to corrosion. 
Corrosion monitoring in industry is essential 
due to one or more of following objectives: (i) 
for diagnosis of corrosion problems in operating 
device, (ii) to design suitable method or develop 
inhibitors for corrosion risk mitigation, (iii) 

quality testing of lubricants and anticorrosive 
alloy, (iv) predict life of equipment and (v) 
facilitate scheduling of shutdowns. A number of 
conventional methods are available for corrosion 
monitoring in industrial equipment, however 
their applicability is limited to the complexity of 
corrosion process, accessibility of the part, in-situ 
measurementsand sensitivity.

Thin layer activation analysis (TLA) is a 
well-established nuclear technique used for wear, 
corrosion and erosion monitoring of industrial 
components. It is a highly sensitive technique, 
faster, enables in-situ measurement (as well as 
ex-situ measurement) for monitoring corrosion 
process employing radioactive tracer[3-7]. This 
technique is well-suited for corrosion monitoring 
of a wide number of metals (and their alloys), 
such as, Mg, Al, Fe, Ti, V, Cr, Co, Ni, Mn, Cu, 
Zn, Cd, Ir, Pt, Pd, Au, Ta, Sn, Ti, Zr, Nb, Mo, 
Sn and W etc. Furthermore, the corrosion of 
non-metals can also be assessed by ultra-thin 
layer activation technique [5]. An important 

Application of nuclear technique for development of inhibitors 
forcorrosion protection ofdifferent alloys

Jayashree Biswal1,2,∗,V. K. Sharma1, H. J. Pant1

1Isotope and Radiation Application Division, Bhabha Atomic Research Centre
Trombay, Mumbai 400085, India

2Homi Bhabha National Institute, Anushakti Nagar, Mumbai 400094, India
*Email: jbiswal@barc.gov.in

Abstract

Corrosion is an unwanted phenomenon in oil and gas, petrochemical and other process industries 
and can cause significant economic loss to the industries. Thin layer activation analysis (TLA) is 
a nuclear technique widely used for corrosion monitoring of various industrial equipment. In the 
present article different corrosion inhibitors have been identified and tested for their efficacies in 
corrosion protection of bronze and carbon steel in acidic medium.In the first step, thealloy sample 
coupons were irradiated with proton beam of suitable energy to produce a small amount of 
radioactivity on their surfaces. Subsequently, the coupons were exposed to corrosive environment 
containing different type and concentrations of organic inhibitors. The corrosion was monitored 
by measuring loss of activity on the coupon by using a gamma spectrometer. The activity loss was 
correlated with the material loss by the help of a pre-generated calibration curve. The corrosion 
rates were estimated from the rate of material loss and the inhibitor efficiency was evaluated.
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feature of the technique is the low level of 
radioactivity involved in this technique, 
i.e, a few tens of micro Curie. This in turn 
removes elaborate safety arrangements 
during the testing. Due to these advantages 
TLA is a widespread method for wear and 
corrosion testing of a variety of materials. 
The methodology involves labeling the 
surface of a metallic component with 
desired radioactive isotope by irradiation 
with particle beams in a particle accelerator. 
The surface degradation of the labelled 
component is then monitored by measuring 
the remnant radioactivity on it using a 
gamma spectrometer.

Apart from monitoring the corrosion 
process, different means to control 
corrosionof industrial material is always a 
concern to plant engineers. The use of different 
types of inhibitors is a prudent approach for 
corrosion control of various metals and alloys. 
Amongst them there are inorganic inhibitors [8], 
but in much greater numbers there are organic 
compounds and their derivatives such as azoles 
[9-11], amines [12,13] and amino acids [14,15]. 
It is noticed that the presence of heteroatoms 
such as nitrogen, sulphur, phosphorous in the 
organic molecule improves its action as corrosion 
inhibitor.In the present study the corrosion 
inhibition of carbon steel (CS) and bronze have 
been studied by using two different organic 
inhibitors, such as, poly vinyl pyrrolidone 
(PVP) and hexamethylene tetramine (HMTA), 
respectively.

2. Principle of TLA technique

The overall principle of corrosion monitoring 
using TLA technique is depicted in Fig. 1. The 
technique employs irradiation of a metallic 
component with a beam of charged particles in 
an accelerator resulting in production of suitable 
radioisotope on the surface of the component. 
The radioactivity is confined to a circular area 
of 3-4 mmdiameter and 100-300 µm depth on 
the surface of the component. The irradiated 

component is subjected to chemical degradation 
in the corrosion media and the loss of material 
from the surface is estimated by measuring the 
residual radioactivity in the component. NaI(Tl) 
scintillation detector coupled with a multi-
channel analyzer or HPGe detector coupled with 
a multi-channel analyser is used for measurement 
of activity. A calibration curve is generated by 
stacked foil irradiation under similar condition 
as that of the component. The residual activity in 
the component is converted to thickness loss with 
the help of the calibration curve. The thickness 
loss is plotted against time duration of corrosion 
and the corrosion rate is obtained from the slope 
of the plotted curve.

3. Experimental
3.1.  Proton irradiation of samples

Bronze and carbon steel coupons of size 0.02 
m × 0.02 m × 0.002 m each and two sets of stacked 
foils of iron and bronze were irradiated with 
proton beam at BARC-TIFR Pelletron accelerator 
facility at Mumbai. Bronze coupons and bronze 
stacked foils were irradiated with 11 MeV proton 
beam having beam current 200 nA for 4 hours. 
Similarly, CS coupons and pure iron stacked foils 
were irradiated with 13 MeV proton beam having 
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beam current 200 nA for 4 hours. The gamma 
spectra of the irradiated bronze and CS samples 
measured with a NaI(Tl) based spectrometer are 
shown in Fig 2. The radioactivity produced in 
these samples were estimated to be 190 – 400 kBq.

Iron (Fe) being the major element in the 
composition of CS, the radioisotope 56Co is 
formed in irradiated CS coupon surface through 
nuclear reaction 56Fe(p,n)56Co. The cross section 
and threshold energy of this nuclear reaction are 
392 mb at 13 MeV and 5.44 MeV, respectively. 
The product isotope has half-life 77.3 days and 
gamma energies 847 KeV (100 %) and 1238 
KeV(67 %). Throughout this study the 847 KeV 
peak was selected for activity measurement. 
Similarly, 65Znradioisotope is formed in irradiated 
bronze coupon surface through nuclear reaction 
65Cu(p,n)65Zn. The cross section and threshold 
energy of this nuclear reaction are 220 mb at 11 
MeV and 2.2 MeV, respectively. The product 
isotope has half-life 244 days and gamma 
energy1115 KeV (50 %).

gamma spectrometer.The relative remnant 
activity (A/A0) was calculated by dividing each 
measured counts (A) by initial counts (A0). The 
calibration curve was obtained from the plot of 
remnant activity versus thickness removed. Fig 
3shows a typical calibration curve obtained by 
irradiating a stack of iron foils.
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Fig 2. Gamma spectra of irradiated bronze and carbon steel samples 
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Fig 3. Calibration curve generated by stacked iron foil 
irradiation

3.3. Corrosion monitoring

The bronze corrosion was studied in a 
simulated acid rain solution containing 1.4 × 10-3 
mol dm-3 Na2SO4, 2.4 × 10-3 mol dm-3 NaHCO3. 
0 to 300 ppm poly vinyl pyrrolidone (PVP) was 
added to the corrosion media as an inhibitor.
After measurement of initial activity (A0) in the 
irradiated coupon, the coupon was immersed 
in the corrosion media. The residual activity 
on the coupon was monitored intermittently 
by removing the coupon from the solution. 
The activity was measured at a fixed geometry 
with respect to the detector and the counts were 
recorded for a specific time. A relative residual 
activity was calculated as mentioned in section 
3.2.

The corrosion of CS was measured in 1 
mol dm3 aqueous HCl solution under ambient 
condition and hexamethylene tetramine (HMTA) 
in the concentration range 0-1000 ppm was used 
as inhibitor. Similar procedure was adopted for 
estimation of relative residual activity of CS as 
above.
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4. Results and discussion

Organic molecules having hetero atom in 
functional group have great potential to act as 
corrosion inhibitor for metallic structures.Organic 
inhibitors generally are of low cost and they form 
a protective layer on the metallic surface via 
chemisorption or physisorption thereby blocking 
the reaction sites on the surface. As a result, the 
corrosion of the metallic structure is slowed 
down. Both PVP and HMTA have electron 
donating nitrogen atoms, which can contribute 
to formation of covalent bond on CS and bronze 
surfaces, respectively.

As the rate of corrosion is a direct measure 
of material loss, similarly the effectiveness of a 
corrosion inhibitor is expressed in terms of the 
inhibition efficiency (η) (Eq (1)).

 The bronze corrosion was studied in a simulated acid rain solution containing 1.4 × 
10-3 mol dm-3 Na2SO4, 2.4 × 10-3 mol dm-3 NaHCO3. 0 to 300 ppm poly vinyl pyrrolidone 
(PVP) was added to the corrosion media as an inhibitor.After measurement of initial activity 
(A0) in the irradiated coupon, the coupon was immersed in the corrosion media. The residual 
activity on the coupon was monitored intermittently by removing the coupon from the 
solution. The activity was measured at a fixed geometry with respect to the detector and the 
counts were recorded for a specific time. A relative residual activity was calculated as 
mentioned in section 3.2. 
 The corrosion of CS was measured in 1 mol dm3 aqueous HCl solution under ambient 
condition and hexamethylene tetramine (HMTA) in the concentration range 0-1000 ppm was 
used as inhibitor. Similar procedure was adopted for estimation of relative residual activity of 
CS as above. 
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Where, r0 and ri are rate of corrosion in absence and rate of corrosion in presence of inhibitor, 
respectively. 
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Fig 5. Molecular structure of polyvinyl pyrrolidone 

 
 Themolecular structure of polyvinyl pyrrolidone is shown in Fig 5. PVP being 
amphiphilic in nature, it has a hydrophilic moiety (ring having heteroatoms), which interacts 
with the metal surface and a hydrophobic polymeric chain protruding toward the bulk 
solution. Due to these interactions PVP forms a protective film on metal surface by 
adsorption hence prevent the interaction of corrosive acids/ chemicals present in the 
environment/ moisture with metal. In addition to this the adsorbed PVP inhibitor molecules 
limit oxygen diffusion and the water access to the metal surface, so reducing the corrosion 
rate.  
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is minimum for 500 ppm HMTA with  value 89.8 %. There is no significant decrease in the 
corrosion rate for HMTA concentration above 500 pm. The study suggested that 300-500 
ppm HMTA concentration can be used to achieve adequate inhibition efficiency in corrosion 
protection of CS in acid medium. 
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Themolecular structure of polyvinyl 
pyrrolidone is shown in Fig 5. PVP being 
amphiphilic in nature, it has a hydrophilic moiety 
(ring having heteroatoms), which interacts with 
the metal surface and a hydrophobic polymeric 
chain protruding toward the bulk solution. Due 
to these interactions PVP forms a protective film 
on metal surface by adsorption hence prevent 
the interaction of corrosive acids/ chemicals 
present in the environment/ moisture with metal. 
In addition to this the adsorbed PVP inhibitor 
molecules limit oxygen diffusion and the water 
access to the metal surface, so reducing the 
corrosion rate. 
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The corrosion rate of CS was monitored 
in the HMTA concentration range 0 to 1000 
ppm at room temperature and the plot rate of 
corrosion with HMTA concentration is shown in 
Fig 6.A significant decrease in corrosion ratewas 
observed in presence of 80 ppm of HMTA than 
in absence of the corrosion inhibitor.The CR is 
decreased from 1177.8 nm/h to 259.8 nm/h in 
absence and in presence (80 ppm) of HMTA, 
respectively. The corrosion rate is minimum for 
500 ppm HMTA with η value 89.8 %. There is 
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HMTA concentration above 500 pm. The study 
suggested that 300-500 ppm HMTA concentration 
can be used to achieve adequate inhibition 
efficiency in corrosion protection of CS in acid 
medium.

alloys. Small organic molecules containing 
heteroatoms were tested for corrosion inhibition 
of bronze and carbon steel using this technique.
About 200 ppm concentration of polyvinyl 
pyrrolidone was observed to effectively control 
thecorrosion of bronze in simulated acid rain 
with an inhibition efficiencyof 80.2 %. Similarly. 
hexamethylemetetramine was demonstrated to 
be an effective corrosion inhibitor to control acid 
corrosion in carbon steel.The corrosion rate was 
minimum for 500 ppm HMTA with an inhibition 
efficiency 89.8 %. The study established that the 
TLA technique has the potential for solving wear 
and corrosion problems in various industries.
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Fig 6. Variation of corrosion rateof carbon steel with HMTA concentration 
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1. Introduction

Nanomaterials exhibit distinct characteristics 
compared to bulk materials, primarily owing 
to their unique physicochemical properties 
encompassing mechanical, optical, thermal, 
magnetic, biological, electrical, and chemical 
traits, emerging at the nanoscale due to quantum 
effects [1-5]. Moreover, high surface area-to-
volume ratio is one of the main characteristics of 
materials at nanoscale dimensions. It’s undeniable 
that over the past three decades, nanotechnology 
has experienced remarkable progress and growth 
in terms of innovation and advancement [1-5].

Nanomaterials, especially semiconductor-
basedones, are poised to revolutionize numerous 
sectors, including energy, healthcare, and 
the environment, in the near future [1-7]. 
Semiconductor materials could be of direct or 
indirect band gap type. In the case of a direct 
band gap, the carriers (electrons and holes) are 
generated by the absorption of a photon (hν) 
following the selection rule ∆k = 0 (where ‘k’ 
is the wave vector). However, in the case of 
an indirect band gap, the generation of charge 
carriers is facilitated by the combination of 
photon absorption (hν) and phonon interaction 
(hω), as the two band minima do not occur at the 

Radiation-induced synthesis of semiconductor nanoparticles in 
aqueous solution – a promising method
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Abstract

The field of nanotechnology has witnessed significant advancementsin recent years, and 
undoubtedly, nanomaterials, particularly those derived from semiconductors, are anticipated to 
play a significant role across multiple facets of our daily lives.However, there remains a lack of 
cost-effective, environmentally friendly, easily scalable, and time-efficient methods for creating 
semiconductor nanomaterials while precisely controlling their morphology vis-à-vis properties. 
From this perspective, employing radiation-based approach may address these concerns. The 
article beginswith an introduction to semiconductor nanoparticles, quantum confinement, and 
their general synthetic methodologies.Following this, it provides an outline of the use of high-
energy ionizing radiations (like e-beams, γ-rays) in manufacturing semiconductor nanomaterials, 
particularly Si and II-VI metal chalcogenides, focusing primarily on their optical attributes. The core 
principle in radiation-assisted synthetic approach lies in the radiolysis of solvent, and subsequent 
reactions between the resulting radicals/intermediates and dissolved precursor compounds. 
Consequently, a brief discourse is presented on radiolysis and the proficient utilization of in-situ 
generated radicals to synthesize CdSe nanoparticles (as an illustrative example). The mechanism 
behind the formation of CdSe nanoparticles on irradiation of samples containing precursors has 
been succinctly elucidated. Furthermore, the radiolytic synthesis of another semiconductor-based 
nanomaterial, i.e., silicon (Si) has been described.The role of various experimental parameters, 
notably absorbed dose, dose rate, and capping agent, on the photoluminescence properties of Si-
based nanomaterials has been discussed. Lastly, the articlehighlights thefuture prospects concerning 
nanomaterial synthesisthrough radiolytic approach.
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same k value as in the case of a direct band gap 
type (see Fig. 1 below). 
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gap. These common semiconductors and their respective band gap natures and energy values 
are mentioned in Table 1. This article primarily discusses radiation-assisted synthesis related 
to II-VI semiconductor nanomaterials in aqueous media. It also provides a concise overview 
of radiation-assisted synthesis of silicon (Si)-based nanomaterials. 
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Nanoparticles could be of different shapes and sizes, such as nanoflakes, nanorods, 
nanotubes, nanoflowers, nanoseaurchins, nanopetals etc. However, when the size (x) of 
semiconductor nanoparticles decreases below a certain size, i.e.,the de Broglie wavelength of 
charge carriers (),a quantization effect occurs in the nanoparticles (see equation (1)). At this 
point, nanoparticles are called as quantum dots,showcasing a quantum confinement of the 
charge carriers [1-9].  
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radius of the exciton, they are also referred to as quantum dots, experiencing a quantization 
effect in the valence and conduction bands. The exciton formed in the case of semiconductors 
has a dimension that is spread over a number of lattice points and moves freely within the 
lattice space, unlike in the case of insulators where the exciton is tightly bound to a fixed 
lattice point. Therefore, when the size of the semiconductor reduces below the Bohr radius of 
exciton, the movement of excitons is highly restricted due to the confinement in all three 
dimensional space. Similarly, when there is a confinement in two dimensions, then the 
exciton gets confined in those two dimensions and has a free movement only in the other 
dimension. In such a situation, the nanomaterials are called as quantum rods. In the case of a 
size confinement only in one dimension, the exciton has lost its freedom in one dimension and 
free to move in other two dimensions [1-9]. In this situation, when a semiconductor of lower 
band gap gets sandwiched by two other semiconductors of higher band gap, such kind of 
materials are called as quantum well structures (Fig. 2).  
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in the nanoparticles (see equation (1)). At this 
point, nanoparticles are called as quantum 
dots,showcasing a quantum confinement of the 
charge carriers [1-9]. 
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inside a cuvette. The colloidal particle sizes are often measured by dynamic light scattering 
and optical absorption spectra measurements.  
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 FIG. 4. An artistic representation of  semiconductor 
quantum dots in colloidal solution inside a cuvette.

The semiconductor nanoparticles are 
synthesized by various methods [1-9] as shown 
below in Fig. 5. 
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2. Radiation-assisted synthesis approach

Developing a sustainable and eco-friendly 
protocol for the synthesis of nanomaterials is 
crucial, aiming to minimize the use of corrosive, 
flammable reagents, and toxic/hazardous 
chemicals, such as reducing and capping agents. 
In this context, radiation-assisted synthesis 
(e.g., e-beam, γ-ray) of nanomaterials emerges 
as a potent and efficient method, eliminating 
the need for stringent laboratory conditions 
like high temperature and additional chemical 
reagents to initiate the synthesis reaction. 
Moreover, this approach presents numerous 
advantages, including a one-step synthesis, 
clean synthesis, scalability, in situ generation 
of reducing species(such as solvated electron, 
), and cost-effectiveness [10-25]. The nucleation 
and growth processes of the nanoparticles can be 
conveniently controlled by the suitable choice of 
the experimental conditions (e.g., absorbed dose 
and the dose 
rate). By varying 
the structural 
and the fluidic 
aspects of the 
h o s t  m a t r i x , 
its templating 
properties can 
be used to direct 
the formation 
of nanoparticles 
with desirable 
s h a p e s  a n d 

sizes. In the radiation chemical route, synthesis 
is mostly carried out in aqueous solution. Thus, 
the primary event is the radiolysis of water, 
generating various free radicals that drive 
the radiation-induced synthesis. Radiolysis 
of water can occur through interactions with 
high-energy electromagnetic radiations such 
as gamma, synchrotron, and X-rays, as well as 
high-energy particle radiations like electrons, 
protons, and other ion beams (see Fig. 6) [26-28]. 
However, free radicals can also be generated 
through the interaction of light photons, a process 
known as photochemical routes. Therefore, 
both radiation chemical and photochemical 
routes are considered complementary to each 
other. However, in the latter case, the process is 
significantly slower compared to the former due 
to altogether different way of formation of free 
radicals. In photochemical routes, free radicals 
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3.1. II-VI metal chalcogenides nanomaterials (CdSe: A case study) 

Semiconductor nanoparticles, specifically those of compound-type semiconductors 
mainly consisting of group II and VIelements, recognized as II-VI semiconductors (also 
known as metal chalcogenides)―have been synthesized using radiation chemical route (see 
Fig.8below) [13,16,24]. These are bipolar in nature and bound with ionic bond, however 
possess very low solubility product, rendering them insoluble in water. Apart from II-VI 
semiconductors, radiation induced synthesis of IV-VI semiconductor nanoparticles is also 
reported in the literature [29,30]. However, the preparation of III-V semiconductor 
nanoparticles via  theradiation route in aqueous media remains sparsely reported to date.This 
limitation stems from the fact that in radiation-induced synthesis, the precursor reagents are 
usually taken in aqueous media, making their solubility in water a critical factor due to the 
synthesis process relying on free radicals generated during water radiolysis. Therefore, 
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are produced through 
the photo-excitation 
pathway of a specific 
solute or solvent. In 
contrast, in radiation 
chemical routes, free 
radicals are directly 
generated by the 
strong interaction 
b e t w e e n  h i g h -
energy radiations 
and the solvent [26-
28] .  Nevertheless, 
in certain cases, free 
radicals produced 
t h r o u g h  t h e 
interaction of light 
photons are considered to be very important.

In this chapter, our focus will be solely 
on discussing the synthesis of semiconductor 
nanoparticles using the radiation chemical 
method. Fig. 7 illustrates a diagrammatic 
representation of the general scenario involving 
the radiation-induced synthesis of nanomaterials.

3. Radiation-assisted synthesis of 
semiconductor nanoparticles 
3.1. II-VI metal chalcogenides nanomaterials (CdSe: 
A case study)

Semiconductor nanoparticles, specifically 
those of compound-type semiconductors mainly 
consisting of group II and VIelements, recognized 
as II-VI semiconductors (also known as metal 
chalcogenides)―have been synthesized using 
radiation chemical route (see Fig.8 below) 
[13,16,24]. These are bipolar in nature and bound 
with ionic bond, however possess very low 
solubility product, rendering them insoluble in 
water. Apart from II-VI semiconductors, radiation 
induced synthesis of IV-VI semiconductor 
nanoparticles is also reported in the literature 
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radiolysis. Therefore, finding out a suitable water 
soluble precursor becomes important in the 
radiation-induced synthesis of semiconductor 
nanoparticles. However, researchers are engaged 
in finding out suitable reagents to synthesize 
various types of semiconductor nanoparticles 
of interest. 
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chalcogenides nanomaterials (like CdSe, CdS, 
ZnSe, ZnS etc.) have found application across 
various emerging fields like sensors, photo-
voltaics, LED and many others[1-9]. Their 
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9]. Bottom-up approaches are easier to operate 
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chemical methods are used, however, radiation 
induced method is one of the most efficient 
and considered to be environmental friendly. 
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gamma radiation, X-rays, synchrotron radiation, 
and high-energy particle radiations like electron 
beam, proton beam and other ion beams are often 
used for the generation of free radicals during the 
synthesis [10-25]. Water-soluble precursors are 
utilized in different molar ratios and subjected 
to irradiation, leading to the formation of 
corresponding semiconductor nanoparticles. 
To achieve desired sizes and shapes, suitable 
capping agents are introduced alongside the 
precursors in the reaction mixture. Among these, 
sulfur-containing compounds are preferred due 
to the high affinity of cadmium and zinc towards 
sulfur. However, in certain cases, soft templetes 
like micelles and microemulsions are also used 
for a desired size and shape of the nanoparticles. 
The detailed discussions about each of these 
nanoparticles are provided in the subsequent 
sections. 

Radiation induced synthesis of CdSe 
nanoparticles has been investigated quite 
extensively in the recent past by various 
researchers and scientists [24,31,32]. Its 
synthesis requires aqueous soluble precursors 
of cadmium and selenium. Usually cadmium 
ions are complexed with either ammonia or other 
complexing agents for its slow release otherwise 
there won’t be the formation of nanoparticles. 
Fig. 9 demonstrates the formation of water 
soluble cadmium complex with ammonia and 
the structure of tetraamine cadmium complex. 
Similarly, selenium is used in the form of either 
selenosulfate or selenite, however, the former 
one is more preferred precursor. It is normally 
synthesized through the refluxing of sodium 
sulfite and selenium powder at 70oC for about 
7 hrs. A clear transparent solution containing 
Na2SeSO3 is obtained which is used as the 
precursaor for selenium. Selenosulfate ions are 
analogous to thiosulfate and sulfate ions, and 
the bond length between sulfur-oxygen, sulfur-
sulfur and sulfur-selenium increase in the order, 
S-O < S-S < S-Se, as shown in the Fig. 10below. 
This characteristic facilitates the improved release 
of Se from the complex ion for the formation of 
CdSe.
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FIG. 9. Schematic representations of the preparation of 
water soluble cadmium complex with ammonia.

CdSe nanoparticles have diverse applications, 
mainly due to their ability to exhibit strong 
photoluminescence at room temperature(see Fig. 
11). While the synthesis method plays a crucial 
role in determining their applicability, the major 
uses are often independent of specific synthesis 
routes.The radiation-induced synthesis route 
produces high-quality CdSe nanoparticles with 
a broad range of applications.

FIG. 10. Analogous 3D sketch of SO4
2-, S2O3

2- and SeSO3
2- 

ions.

Cadmium precursor, tetraamine cadmium 
sulfate and selenium precursor, sodium 
selenosulfate are taken in aqueous solution in 
very low concentration to avoid self reaction 
between them. Tert-butanol is added to the 
reaction mixture to quench •OH radicals and 
create a reducing environment in the system 
during the irradiation. Because the radiolytic 
synthesis of II-VI compound semiconductor 
nanoparticles are synthesized via a reduction 
reaction pathway involving reducing free 
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radicals like hydrated electron, H atom or other 
secondary radicals like those generated from 
various alcohols.

The irradiation experiments are usually 
done in Cobalt-60 gamma chamber or high-
energy (e.g. 7 MeV) electron accelerator. The 
total absorbed dose (in kGy) is usually estimated 
from the radiation chemical yield of the free 
radicals involved in the reaction and the initial 
concentration of the precursors. The clear 
transparent solution turns orange coloured 
solution after irradiation indicates the formation 
of CdSe nanoparticles which is further confirmed 
from XRD, FTIR and Raman spectroscopic 
measurements. Following are the most probable 
reactions those occur during the irradiation 

e-
aq  +  [Cd(NH3)4]2+ 
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CdSe molecular species (named as (CdSe)intermediate) 
which will undergo nucleation and growth to 
form CdSe nanoparticles. Various other reactions 
such as radical-radical, radical-other ionic species 
like Cd2+, Cd+, [SeSO3]2-, [SeSO3]-, etc might also 
be happening in this case. However, the most 
predominate reaction leading to the formation of 
CdSe nanoparticles is represented in the reaction 
(5) below. The appearance of an ornagecoloued 
sol was found only when both the precursors 
are present and in a reducing environment. This 
explains that formation of CdSe nanoparticles 
takes place through a reduction reaction pathway 
as mentioned here. 

Cd+  +  [SeSO3]2- / Se- 

9 
 

 
FIG. 11. Applications of CdSe nanoparticles in different fields. 

 
The irradiation experiments are usually done in Cobalt-60 gamma chamber or high-

energy (e.g. 7 MeV) electron accelerator. The total absorbed dose (in kGy) is usually 
estimated from the radiation chemical yield of the free radicals involved in the reaction and 
the initial concentration of the precursors. The clear transparent solution turns orange 
coloured solution after irradiation indicates the formation of CdSe nanoparticles which is 
further confirmed from XRD, FTIR and Raman spectroscopic measurements. Following are 
the most probable reactions those occur during the irradiation  

 
e-

aq  +  [Cd(NH3)4]2+                         [Cd(NH3)4]+        (k = 3.1 x 1010 M-1s-1)  (2) 
 
 
e-

aq  +  [SeSO3]2-                         [SO3]2-  + Se-      (k = 2.27 x 109 M-1s-1)  (3) 
 
 
(SeSO3)2- ions are analogous to (S2O3)2- ions, where S- transient ions are released along 

with SO3
2- ion from (S2O3)2- ions upon radiolysis. So similar reaction could be occurring in 

the case of [SeSO3]2- ions as shown in the reaction (3) above.  
 
 
e-

aq  +  [S2O3]2-                         [SO3]2-  + S-      (k = 1.5 x 108 M-1s-1)   (4) 
 
Cd+ or [Cd(NH3)4]+ ions can react with [SeSO3]2- and/or Se- transient ions to form 

nascent CdSe molecular species (named as (CdSe)intermediate) which will undergo nucleation 
and growth to form CdSe nanoparticles. Various other reactions such as radical-radical, 
radical-other ionic species like Cd2+, Cd+, [SeSO3]2-, [SeSO3]-, etc might also be happening in 
this case. However, the most predominate reaction leading to the formation of CdSe 
nanoparticles is represented in the reaction (5) below. The appearance of an ornagecoloued 
sol was found only when both the precursors are present and in a reducing environment. This 
explains that formation of CdSe nanoparticles takes place through a reduction reaction 
pathway as mentioned here.  

 
Cd+  +  [SeSO3]2- / Se-               (CdSe)intermediate                  (CdSe)nanoparticle (5) 
 

(CdSe)intermediate                  
(CdSe)nanoparticle (5)

From the above reaction pathways, the 
formation of one CdSe molecular species requires 
two reducing radicals, i.e. e-

aq and therefore a 
total of 20 mM e-

aqwill be required for a complete 
conversion. By the taking the G-value for e-

aq as 
0.28 µM/J, the precursor concentration as 10 
mM and considering a complete conversion, the 
total absorbed dose required for the synthesis 
of CdSe nanoparticles will be around 71 kGy, 
with an assumption that there won’t be any 
other reactions apart from those mentioned 
above. However, in practical, there might be 
some other reactions might be happening during 
the irradiation. Therefore, it is always better to 
give a slight higher absorbed than calculated 
value for a complete conversion. The complete 
conversion can be easily monitored by measuring 
the concentation of individual precursors in the 
supernatant. 

The formation of CdSe nanoparticles 
through a reduction reaction pathway is also 
established by observing the effect of N2O 
saturation (saturated concentration 25 mM) in 
the reaction mixture [33]. It is known that N2O 
quenches e-

aq to form •OH radicals. There will 
be a competion reaction of e-

aq with N2O to form 
•OH radicals and with [Cd(NH3)4]2+ to form 
[Cd(NH3)4]+ ions. Hence, there will be reduction 
in the yield of formed CdSe nanoparticles. It is 
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observed that the ratio of the yields of formation 
of these nanoparticles in the absence and presence 
of N2O was about 100:60. Furthermore, it was 
observed that there was a formation of CdSe 
nanoparticles even in a very low concentration 
of precursors (0.5 mM) under a de-aerated 
condition, whereas there was no formation found 
under a N2O saturated condition. Fig. 12clearly 
shows the appearance of an absorpotion peak 
at around 560 nm, which is absent in all other 
cases, which indicates that there is formation of 
CdSe nanoparticles in the reaction mixture upon 
irradiation. The extended absorption beyond the 
peak indicates a broad size distribution and trap 
states present in these nanoparticles. In this case, 
as there was not any capping agents to arrest the 
further growth of the nanoparticles, there was an 
agglomeration of the nanoparticles. The size of 
primary nanoparticles can be calculated using 
Brus equation below.

From the above reaction pathways, the formation of one CdSe molecular species 
requires two reducing radicals, i.e. e-

aq and therefore a total of 20 mM e-
aqwill be required for 

a complete conversion. By the taking the G-value for e-
aq as 0.28 M/J, the precursor 

concentration as 10 mM and considering a complete conversion, the total absorbed dose 
required for the synthesis of CdSe nanoparticles will be around 71 kGy, with an assumption 
that there won’t be any other reactions apart from those mentioned above. However, in 
practical, there might be some other reactions might be happening during the irradiation. 
Therefore, it is always better to give a slight higher absorbed than calculated value for a 
complete conversion. The complete conversion can be easily monitored by measuring the 
concentation of individual precursors in the supernatant.  

The formation of CdSe nanoparticles through a reduction reaction pathway is also 
established by observing the effect of N2O saturation (saturated concentration 25 mM) in the 
reaction mixture [33]. It is known that N2O quenches e-

aq to form OH radicals. There will be 
a competion reaction of e-

aq with N2O to form OH radicals and with [Cd(NH3)4]2+ to form 
[Cd(NH3)4]+ ions. Hence, there will be reduction in the yield of formed CdSe nanoparticles. It 
is observed that the ratio of the yields of formation of these nanoparticles in the absence and 
presence of N2O was about 100:60. Furthermore, it was observed that there was a formation 
of CdSe nanoparticles even in a very low concentration of precursors (0.5 mM) under a de-
aerated condition, whereas there was no formation found under a N2O saturated condition. 
Fig. 12clearly shows the appearance of an absorpotion peak at around 560 nm, which is 
absent in all other cases, which indicates that there is formation of CdSe nanoparticles in the 
reaction mixture upon irradiation. The extended absorption beyond the peak indicates a broad 
size distribution and trap states present in these nanoparticles. In this case, as there was not 
any capping agents to arrest the further growth of the nanoparticles, there was an 
agglomeration of the nanoparticles. The size of primary nanoparticles can be calculated using 
Brus equation below. 

 
Eg = Eg(0)  +   αd2           (5) 
 
where,  = 3.7 eV nm2, Eg(0) = 1.7 eV, d is the particle size (nm) and Eg is the band gap 

value in eV. The band gap (Eg)values were determined from the Tauc plot of (’h)2 versus 
h, as this is a direct band gap semiconductor. The symbol ‘’’ represents the absorption co-
efficient multiplied with the concentration of the CdSe QDs and is equivalent to the relation 
(2.303 A/l), where ‘A’ is the absorbance and ‘l’ is the optical path length of the cell (10 mm). 
The term ‘h’ represents the photon energy. The size calculated from this equation from the 
above aborption spectra was about 3 – 5nm. The Bohr radius of exciton in the case of CdSe is 
5.7 nm, and hence such nanoparticles can also be called CdSe quantum dots. The molar 
extinction coefficient of CdSe nanoparticles at 560 nm in methanol was found to be 1.3 x 104 
M-1cm-1.  

 

  (5)

where, α = 3.7 eV nm2, Eg(0) = 1.7 eV, d is the 
particle size (nm) and Eg is the band gap value 
in eV. The band gap (Eg)values were determined 
from the Tauc plot of (α’hν)2 versus hν, as this is a 
direct band gap semiconductor. The symbol ‘α’’ 
represents the absorption co-efficient multiplied 
with the concentration of the CdSe QDs and is 
equivalent to the relation (2.303 A/l), where ‘A’ 

is the absorbance and ‘l’ is the optical path length 
of the cell (10 mm). The term ‘hν’ represents 
the photon energy. The size calculated from 
this equation from the above aborption spectra 
was about 3 – 5nm. The Bohr radius of exciton 
in the case of CdSe is 5.7 nm, and hence such 
nanoparticles can also be called CdSe quantum 
dots. The molar extinction coefficient of CdSe 
nanoparticles at 560 nm in methanol was found 
to be 1.3 x 104 M-1cm-1. 

The XRD patterns (Fig. 13) obtained for 
CdSe nanoparticles synthesized by Co-60 gamma 
and electron beam irradiation confirms their 
formation. The broadening of the peaks indicates 
the nanosize particles as well as the amorphous 
nature of these particles. The particle size is 
calculated from the XRD peaks using Scherrer’s 
formula or modified formula. 
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FIG. 12. Optical absorption spectra of unirradiated and 
irradiated solution containing 10 mM each precursor, 
ammoniated cadmium sulfate and sodium selenosulfate [24].

FIG. 13. XRD patterns obtained for the CdSe nanoparticles 
obtained in the Co-60 gamma irradiation (a) and electron 
beam irradiation (b)[24].
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Where, η is the effective strain in the 
nanoparticles and other terms as described for 
the equation (6) above. A negative strain found in 
this case as seen from the inset of Fig. 13indicates 
a compressive strain in these nanoparticles. A 
similar observation was found in the radiation 
induced ZnO nanoparticles as reported by Rath 
et al and not to be attributed to the radiation 
induced synthesis method [24]. The particle 
sizes match with those obtained from the optical 
absorption spectral analysis. However, the sizes 
in the case of nanoparticles obtained via electron 
beam irradiation are smaller as compared to those 
obtained in the gamma irradiation. A similar 
observation can be observed from their TEM 
images (Fig. 14). The primary nanoparticles are 
observed to get aggloemerated into somewhat 
bigger sizes, as there was no capping agent used 
in this synthesis. Nevertheless, in the presence 
of a suitable capping agent such agglomeration 
won’t occur. The SAED patterns in the inset of 
the TEM images indicates a cubic phase of CdSe 
nanoparticles. 

surface states. The surface layer of the bare CdSe 
nanoparticles in this case mainly consists of Cd2+ 
and SeO2 on aerial oxidation. This leads to the 
presence of surface defect states and surface 
unsaturation in these nanoparticles. A long tail 
in their optical absorption spectra is also due to 
the existence of such surface defect states, and 
it is inherent to the method of synthesis. Room 
temperature ferromagnetic behaviour in TOPO 
capped CdSe nanoparticles was also reported by 
Taylor et al. [24] on the basis of surface states. In 
these nanoparticles, the surface stoichiometry 
is 70 % Cd and 30 % Se and instrinsic to the 
high temperature synthesis route. The metal 
to ligand charge transfer process in the surface 
of these capped CdSe nanoparticles produces 
vacancy in the d-orbital of Cd atom which is the 
origin of such room temperature ferromagnetic 
behaviour in these nanoparticles. It is seen that 
the CdSe nanoparticles synthesized via radiation 
chemical route possess a better room temperature 
ferromagnetic behaviour as compared to those 
synthesized via hydrothermal routes using 
TOPO and TOP capping agents. However, 
CdSe nanoparticles synthesized either via 
hydrothermal route or solvothermal route are 
known to posses sharp excitonic absorption peaks, 
which is lacking in the case of radiation chemical 
route. Such a sharp excitonic absorption (Fig. 15) 

FIG. 13. XRD patterns obtained for the CdSe nanoparticles obtained in the Co-60 gamma 
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These CdSe nanoparticles are found to 
haveferromagnetic behaviour as seen from 
the hysteresis loop in theirroom temperature 
magnetization measurements [24]. The higher 
saturation magnetization value in the case of 
samples obtained via electron beam irradiation 
is due to the smaller particle size in this case 
as compared to that obtained in the gamma 
irradiation. Such a behaviour of the semiconductor 
nanoparticles is attributed to the unsaturated 
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peaks, which is lacking in the case of radiation chemical route. Such a sharp excitonic 
absorption (Fig. 15) characteristics was also observed in the CdSe nanoparticles synthesized 
at room temperature through normal chemical route using thioglycerol as a reducing as well 
as capping agent [34]. It clearly confirms the presence of a strong capping agent forms bond 
with the surface unsaturated ions and thereby remove the surface defect states to a large 
extent. 

 
FIG. 15. Optical absorption spectra of different reagents, along with an intense absorption due 

to the CdSe nanoparticles in aqueous solution [34]. 
 

 

3.2. Si-based nanomaterials  

Of late, our group has reported the synthesis of Si-based nanomaterials using -rays as 
well as electron-beam irradiation in aqueous media [17-21]. Interestingly, the silicon 
nanomaterials obtained comprised of unique features (such as amorphous and porous 
characteristics), which otherwise require meticulous synthetic procedures via conventional 
methodologies. The highlights of the research work carried out in this regard are presented in 
brief in the following sections. 

In one of our works, silicon quantum dots (QDs) coated with a shell of silicon oxides 
(SiOx, 0<x<2) were obtained by -rays irradiation of an aqueous mixture of (3-Aminopropyl) 
trimethoxysilane (APTS) acting as a silicon precursor [17] (Fig. 16). The nanomaterials were 
found to be porous and amorphous with an average size of less than 2 nm. By varying the 
absorbed dose, the size of the QDs could be conveniently tuned. Further, the QDs displayed 
bright blue emission under UV light. Comprehensive investigations revealed the origin of the 
blue photoluminescence attributed to defects located in the oxide shell as well as at/or near the 
Si/SiOx interface. The QDs were found to be non-cytotoxic and showed highly sensitive and 
robust thermosensing properties. Further, the potential application of these QDs was 
demonstrated in anticounterfeiting measures. 

 
 

FIG. 15. Optical absorption spectra of different reagents, 
along with an intense absorption due to the CdSe 
nanoparticles in aqueous solution [34].
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characteristics was also observed in the CdSe 
nanoparticles synthesized at room temperature 
through normal chemical route using thioglycerol 
as a reducing as well as capping agent [34]. It 
clearly confirms the presence of a strong capping 
agent forms bond with the surface unsaturated 
ions and thereby remove the surface defect states 
to a large extent.

3.2. Si-based nanomaterials 

Of late, our group has reported the synthesis 
of Si-based nanomaterials using γ-rays as well 
as electron-beam irradiation in aqueous media 
[17-21]. Interestingly, the silicon nanomaterials 
obtained comprised of unique features (such 
as amorphous and porous characteristics), 
which otherwise require meticulous synthetic 

procedures via conventional methodologies. The 
highlights of the research work carried out in this 
regard are presented in brief in the following 
sections.

In one of our works, silicon quantum dots 
(QDs) coated with a shell of silicon oxides (SiOx, 
0<x<2) were obtained by γ-rays irradiation 
of an aqueous mixture of (3-Aminopropyl) 
trimethoxysilane (APTS) acting as a silicon 
precursor [17] (Fig. 16). The nanomaterials 
were found to be porous and amorphous 
with an average size of less than 2 nm. By 
varying the absorbed dose, the size of the QDs 
could be conveniently tuned. Further, the QDs 
displayed bright blue emission under UV light. 
Comprehensive investigations revealed the 

 
FIG 16. Schematic representation of the synthesis of silicon QDs (embedded within the SiOx, 
0 < x < 2 shell) by -ray irradiation. Other highlights of this work, including blue emission, 
amorphous and porous characteristics, as well as the potential applications of these 
nanomaterials, are depicted [17]. 
 

In another work, photoluminescent organosilicon oxide nanoparticles (OSiNPs) in an 
aqueous solution were prepared by using an electron beam sourced from a 7 MeV linear 
accelerator (LINAC) [see Fig. 17A] [19]. This approach provides scope for the industrial-
scale production of nanoparticles in a time-efficient manner without any involvement of 
toxic/hazardous capping or reducing agents. Furthermore, pulse radiolysis investigations were 
conducted to study the formation mechanism of OSiNPs. It was revealed that unlike the 
generally believed solvated electron (esol─ ) driven process, the synthesis of OSiNPs proceeds 
through the reaction of the hydroxyl radical (•OH) with the precursor molecules. Apart from 
this, OSiNPs were functionalized with a biocompatible ligand, i.e., L-Glutathione (L-Glu or 
GSH), which significantly enhanced the quantum efficiency (up to ~25%) of emission as well 
as colloidal stability. The applications of L-Glu@OSiNPs were demonstrated in fingerprinting 
(Fig. 17B) and cancer cell imaging (Fig. 17C). Nonetheless, it indicates their broad range of 
applications, which can be explored further as a replacement for toxic and costly materials 
currently used in the respective fields. 

FIG 16. Schematic representation of the synthesis of silicon QDs (embedded within the SiOx, 0 < x < 2 shell) by γ-ray 
irradiation. Other highlights of this work, including blue emission, amorphous and porous characteristics, as well as the 
potential applications of these nanomaterials, are depicted [17].
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origin of the blue photoluminescence attributed 
to defects located in the oxide shell as well as at/
or near the Si/SiOx interface. The QDs were found 
to be non-cytotoxic and showed highly sensitive 
and robust thermosensing properties. Further, 
the potential application of these QDs was 
demonstrated in anticounterfeiting measures.

In another work, photoluminescent 
organosilicon oxide nanoparticles (OSiNPs) in 
an aqueous solution were prepared by using 
an electron beam sourced from a 7 MeV linear 
accelerator (LINAC) [see Fig. 17A] [19]. This 
approach provides scope for the industrial-
scale production of nanoparticles in a time-
efficient manner without any involvement of 
toxic/hazardous capping or reducing agents. 
Furthermore, pulse radiolysis investigations were 
conducted to study the formation mechanism of 
OSiNPs. It was revealed that unlike the generally 
believed solvated electron () driven process, 
the synthesis of OSiNPs proceeds through the 
reaction of the hydroxyl radical (•OH) with the 
precursor molecules. Apart from this, OSiNPs 
were functionalized with a biocompatible 

ligand, i.e., L-Glutathione (L-Glu or GSH), which 
significantly enhanced the quantum efficiency 
(up to ~25%) of emission as well as colloidal 
stability. The applications of L-Glu@OSiNPs 
were demonstrated in fingerprinting (Fig. 17B) 
and cancer cell imaging (Fig. 17C). Nonetheless, 
it indicates their broad range of applications, 
which can be explored further as a replacement 
for toxic and costly materials currently used in 
the respective fields.

As ment ioned ear l ier ,  the  opt ica l 
properties of silicon nanomaterials are highly 
sensitive to the nature of ligands present on 
their surface. Various biocompatible ligands 
such as cyclodextrin, polyethylene glycol 
(PEG), and Triton X-100 (TX-100) were used 
to functionalize the silicon nanomaterials. 
Importantly, functionalization was carried out 
in situ during the irradiation of the reaction 
mixture as a one-pot approach. As expected, the 
composition, as well as the photoluminescence 
properties of the nanomaterials obtained, were 
significantly different from each other while the 
same precursor (APTS) was used in the respective 
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FIG 17. (A) Schematic representation of the formation of OSiNPs by electron beam 
irradiation. (B) Photographs of fingerprints (under UV light) developed with L-Glu@OSiNPs 
on various objects: (a) Aluminium foil, (b) glass cup, (c) CD/DVD, (d) aluminium metal sheet, 
and (e) plastic cover of a CD/DVD. (C) Fluorescence microscopy image using the colloidal 
solution of L-Glu@OSiNPs with pH ~6.5 in A549 lung cancer cells [19]. 
 

As mentioned earlier, the optical properties of silicon nanomaterials are highly sensitive 
to the nature of ligands present on their surface. Various biocompatible ligands such as 
cyclodextrin, polyethylene glycol (PEG), and Triton X-100 (TX-100) were used to 
functionalize the silicon nanomaterials. Importantly, functionalization was carried out in situ 
during the irradiation of the reaction mixture as a one-pot approach. As expected, the 
composition, as well as the photoluminescence properties of the nanomaterials obtained, were 
significantly different from each other while the same precursor (APTS) was used in the 
respective reaction mixtures. For instance, SiO2 nanoparticles were formed in the presence of 
-Cyclodextrin (-CD). The photoluminescence properties of as-prepared -CD 
functionalized SiO2 nanoparticles (i.e., -CD@SiO2 NPs) could be tuned from blue to green 
by simply varying the absorbed dose (see Fig. 18A), and it was attributed to the formation of 
a particular kind of ‘defects’ at a proportionate absorbed dose [18]. The maximum quantum 
efficiency (QE) of -CD@SiO2 NPs was determined to be ~ 21 %. Using the micellar 
medium of TX-100, the photoluminescence QE of radiolytically synthesized OSiNPs 
enhanced from ~9 % to ~55 % (schematic illustration shown in Fig. 18B). Also, the 
nanoparticles were found to be comprised of siloxane/silicone and silica (SiO2) like units as 
the major constituents [21]. In another work, the presence of PEG-10000 in the reaction 
mixture resulted in the formation of silicon oxide nanocomposites (SiONCs) on irradiation 
(Fig. 18C). Various characterization studies indicated the presence of structures such as SiOx 
(where x<2) and (Si(CH3)2-O-)n (as observed in polysiloxane) in the SiONCs. The maximum 
photoluminescence QE of SiONCs was determined to be ~49 %. In addition to the cell 
imaging applications, the PEGylated SiONCs showed highly sensitive and selective detection 
of Cr (VI) (detection limit = 0.74 μM), as can be seen from Fig. 18D [20]. 

 

FIG 17. (A) Schematic representation of the formation of OSiNPs by electron beam irradiation. (B) Photographs of 
fingerprints (under UV light) developed with L-Glu@OSiNPs on various objects: (a) Aluminium foil, (b) glass cup, (c) 
CD/DVD, (d) aluminium metal sheet, and (e) plastic cover of a CD/DVD. (C) Fluorescence microscopy image using the 
colloidal solution of L-Glu@OSiNPs with pH ~6.5 in A549 lung cancer cells [19].
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reaction mixtures. For instance, SiO2 nanoparticles 
were formed in the presence of α-Cyclodextrin 
(α-CD). The photoluminescence properties of as-
prepared α-CD functionalized SiO2 nanoparticles 
(i.e., α-CD@SiO2 NPs) could be tuned from 
blue to green by simply varying the absorbed 
dose (see Fig. 18A), and it was attributed to the 
formation of a particular kind of ‘defects’ at a 
proportionate absorbed dose [18]. The maximum 
quantum efficiency (QE) of α-CD@SiO2 NPs was 
determined to be ~ 21 %. Using the micellar 
medium of TX-100, the photoluminescence QE 
of radiolytically synthesized OSiNPs enhanced 
from ~9 % to ~55 % (schematic illustration shown 
in Fig. 18B). Also, the nanoparticles were found 
to be comprised of siloxane/silicone and silica 
(SiO2) like units as the major constituents [21]. 
In another work, the presence of PEG-10000 in 
the reaction mixture resulted in the formation 
of silicon oxide nanocomposites (SiONCs) on 

irradiation (Fig. 18C). Various characterization 
studies indicated the presence of structures 
such as SiOx (where x<2) and (Si(CH3)2-O-)n (as 
observed in polysiloxane) in the SiONCs. The 
maximum photoluminescence QE of SiONCs 
was determined to be ~49 %. In addition to the 
cell imaging applications, the PEGylated SiONCs 
showed highly sensitive and selective detection 
of Cr (VI) (detection limit = 0.74 μM), as can be 
seen from Fig. 18D [20].

Si-based nanomaterials have attracted 
a lot of attention in the arena of nanoscience 
and nanotechnology. However, challenges are 
associated with their development, which may 
limit their practical applications. In this context, 
the radiation-assisted approach may contribute 
to a facile, eco-friendly, time-efficient, and cost-
effective sustainable protocol for the preparation 
of photoluminescent water-soluble Si-based 
nanomaterials.

 

FIG 18. (A) Schematic representation of the radiation-assisted synthesis of -
CD@SiO2nanoparticles along with the absorbed dose-dependent photoluminescence 
tunability displayed by these nanoparticles [18]. (B) Schematic illustration of the electron-
beam mediated synthesis of the blue light-emitting OSiNPs in the micellar medium of TX-100 
[21]. (C) Schematic representation of the synthesis of PEGylated SiONCs by irradiation 
method along with their applications in cell imaging and Cr (VI) sensing [20]. (D) Plot of 
F/F0 versus metal ions, showing maximum photoluminescence quenching of PEGylated 
SiONCs by Cr (VI) ions [20]. 
 

Si-based nanomaterials have attracted a lot of attention in the arena of nanoscience and 
nanotechnology. However, challenges are associated with their development, which may limit 
their practical applications. In this context, the radiation-assisted approach may contribute to a 
facile, eco-friendly, time-efficient, and cost-effective sustainable protocol for the preparation 
of photoluminescent water-soluble Si-based nanomaterials. 

Nevertheless, various other semiconductor nanoparticles could also be synthesized 
through radiation induced methods in aqueous as well as organic solvents of choice. 
Moreover, instead of using multiple precursors, the radiation induced synthesis could also be 
performed with a single source precusor, where both the elements present in one 
organometallic compound. Such method is often considered as green route as there is no 
involvement of additional reducing agents and high temperature and hazardous experimental 
conditions. The synthesis could be scaled up for a large scale production of nanoparticles for 
industrial applications.  

 

4. Conclusions and Future Scope 

Semiconductor nanoparticles of different shapes and sizes of choice always remain the 
top priority as far as their applications are concerned. For example, nanorods, nanotubes, 
nanopetals, nanoflowers, nano-seaurchins, and many more such fascinatingstructures of very 
high surface to volume ratio are to be optimally synthesized for sensor and catalytic 
applications. Certain semiconductors like SnS2/SnS, WS2 can have fullerene like structures 

FIG 18. (A) Schematic representation of the radiation-assisted synthesis of α-CD@SiO2nanoparticles along with the 
absorbed dose-dependent photoluminescence tunability displayed by these nanoparticles [18]. (B) Schematic illustration 
of the electron-beam mediated synthesis of the blue light-emitting OSiNPs in the micellar medium of TX-100 [21]. (C) 
Schematic representation of the synthesis of PEGylated SiONCs by irradiation method along with their applications in cell 
imaging and Cr (VI) sensing [20]. (D) Plot of F/F0 versus metal ions, showing maximum photoluminescence quenching 
of PEGylated SiONCs by Cr (VI) ions [20].
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Nevertheless, various other semiconductor 
nanoparticles could also be synthesized through 
radiation induced methods in aqueous as well as 
organic solvents of choice. Moreover, instead of 
using multiple precursors, the radiation induced 
synthesis could also be performed with a single 
source precusor, where both the elements present 
in one organometallic compound. Such method 
is often considered as green route as there is no 
involvement of additional reducing agents and 
high temperature and hazardous experimental 
conditions. The synthesis could be scaled up 
for a large scale production of nanoparticles for 
industrial applications. 

4. Conclusions and Future Scope

Semiconductor nanoparticles of different 
shapes and sizes of choice always remain the top 
priority as far as their applications are concerned. 
For example, nanorods, nanotubes, nanopetals, 
nanoflowers, nano-seaurchins, and many more 
such fascinatingstructures of very high surface 
to volume ratio are to be optimally synthesized 
for sensor and catalytic applications. Certain 
semiconductors like SnS2/SnS, WS2 can have 
fullerene like structures and called as inorganic 
fullerenes. Radiation-induced synthesis of 
such exotic nanoparticles are to be explored 
for their potential applications. Semiconductor 
nanoparticles in emerging media like deep 
eutectic solvents, room temperature ionic liquids, 
etc. needs to be understood for their future 
applications. The effect of extreme conditions like 
high temperature and high pressure, high bias 
voltage, etcon the formation of such nanoparticles 
could provide an insight into the geothermal 
conditions. In a similar line, the synthesis via 
low to moderate energy ionizing radiation will 
be very much useful in understanding their effect 
in biological media as well as upper atmosphere. 
It is needless to say that the exploration of 
radiation induced synthesis of semiconductor 
nanoparticles will always remain in demand in 
the years to come. 
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bulk and microscopy
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reflection
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