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Preface

International Symposium on Materials of the Millennium: Emerging Trends and
Future Prospects (MMETFP-2021) was organized by Pandit Deendayal Energy
University (PDEU), Gandhinagar, India, in association with Materials Research
Society of India, Gujarat Chapter, at PDEU campus during November 19-21, 2021.
It was a hybrid mode (both online and on-campus) event involving more than 400
participants. MMETFP aimed to provide a platform to the researchers to unveil the
complete potential of smart materials in disruptive technologies and help in tack-
ling current and upcoming challenges of the millennium. The meticulous effort of
each and every members of organizing team and whole-hearted contribution from
participant have put forward toward making the event a successful one.

This book presents the select proceedings of MMETFP-2021. It discusses the
synthesis, tailoring, and characterization of different materials for functional appli-
cations in various sectors which include, but not limited to, energy, environment,
biomedical/health care, construction, transportation, etc. Topics covered in this book
are synthesis and characterization of polymers, ceramics, composites, biomaterials,
carbon-based nanostructures as well as materials for green environment, structural
materials, modeling, and simulation of materials. We thank all the authors, reviewers,
springer editorial board members for their careful efforts and valuable time toward
arranging the articles for this proceeding.

Gandhinagar, India Dr. Kalisadhan Mukherjee
Lahti, Finland Dr. Rama Kanta Layek
Bengaluru, India Dr. Debasis De
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Sustainable Concrete Strength Prediction | m)
Using ARIMA Model ezt

Pushpalatha Sarla, Sandela Hari Priya, Gobinath Ravindran,
Manisha Shewale, and Archana Reddy

1 Introduction

Concrete is essential in the construction industry [1] because it is the only material
that is regularly used in construction [2-5], and as a result, it plays a big role in the
overall industry. The casting of concrete cubes with dimensions of 15 cm x 15 cm
x 15 cm and three number blocks was the subject of this investigation. For the cali-
bration of non-destructive testing equipment such as the rebound Hammer testing
machine [6-10], the cubes were cast and allowed to cure for twenty-eight days before
being utilized. It is a significant step up in sophistication to coring existing struc-
tures to determine the strength of the concrete. Several studies have demonstrated
that the use of non-destructive techniques (NDM) is a viable choice [11-13] due to
the advantages that it brings (e.g., lower cost, faster technique, etc.). For destruc-
tive testing (DT, for example, compressive test machine) and non-destructive testing
(NDT, for example, rebound Hammer and ultrasonic pulse velocity (UPV), statis-
tical analysis has been performed on specimens created under 7- and 28-day curing
conditions for the purpose of relationship research. ARIMA, or autoregressive inte-
grated moving average, is a mathematical formula that combines the notions of three
different concepts: autoregression, moving average, and integration. It is also known
as the ARIMA formula. ARIMA was developed in 1970 by Box and Jenkin and is still
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in use today. Among the most accurate forecasting models available are short-term
models such as ARIMA [14], and ARIMA is an active predictor that links past and
present data with future projections [15]. The ARIMA model has been used to inves-
tigate a vast range of micro- and macro-dynamics that have been separated from one
another. A smartphone application with a fever GPS to plan, control, and warn people
away from high-risk regions was developed by SOMBONSAK, who combined the
ARIMA model with innovation [16] to achieve his goal of combining the ARIMA
model and innovation. He used the ARIMA model to forecast the predicted amount of
people with particular forms of fever based on the distribution of people in different
locations, and he used a smartphone application with a fever GPS to plan, control,
and warn people away from potentially dangerous areas. Jiang and Zhang devised an
ARIMA-ANN model, which is a hybrid model that combines ARIMA and an artifi-
cial neural network, in order to improve the stock price forecast of highly developed
capital markets [17]. A statistical and computational technique created by Arifin
and Habibie that blends ARIMA with a disruptive formula to enable more accurate
cellular data traffic forecasting in a future dominated by disruptive technologies is
described in detail in the paper [14]. Also, noteworthy is that the ARIMA model is
a significant participant in the world of challenging financial instruments, such as
cryptocurrencies [18].

2 Materials and Methods

2.1 Time Series Data Description

The compressive strength of concrete can be found by two methods; one is destructive
method, and another is non-destructive method [19-21]. Rebound Hammer test is
one of the non-destructive methods to find out the compressive strength of concrete.
Non-destructisve techniques are easy to carry experiments compared to destructive
methods because these will not disturb or dismantle the concrete structures. In this
study, three concrete blocks have been prepared and immersed in fresh and clean
water for curing for twenty-eight days. After the curing period s finished, the concrete
blocks have been removed from water and cleaned so that it is free from the moisture
content. Then, by using the rebound Hammer test, the compressive strength of each
concrete block has been determined up to the seventy-fifth hours, and ninety hours
is predicted by using the ARIMA model (Fig. 1).

Table 1 presents the descriptive statistics for Blocks-1, 2, and 3. As mentioned in
Sect. 1, the data for each block consist of 75 h.
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Fig. 1 Representing the curing of concrete blocks

2.2 Autoregressive Integrated Moving Average Process

In electrical engineering, the auto-regressive integrated moving average (ARIMA) is
an adaption of discrete-time filtering algorithms established in the 1930s and 1940s
(Norbert Wiener et al.). In the 1970s, statisticians George Box and Gwilym Jenkins
devised systematic ways for applying them to business and economic data (hence
the term “Box—Jenkins models”). Box and Jenkins models are still in use today.

Moving average processes are defined as those in which the dependent variable
is regressed on current and lagged error terms and the dependent variable is then
estimated through the use of a constant and a moving average of the error terms. If
you run a regression on the dependent variable with one lagged error term, you will
see that it follows a first-order moving average process, which is indicated by the
letter MA (1). Furthermore, a model with q number of error components is subjected
to a qth-order moving average process, which is denoted by the symbol MA (q). A
MAC(q) process can be defined as follows:

Y = w4 Bors + Bipbi—1 + Bopbs—2 + ...+ Bglbi—q )]

This assumes white noise for the error terms and a constant for the constant
(Gujarati and Porter 2008). A MA model’s error term is typically scaled to make _0
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Table 1 Descriptive statistics of Block-1, Block-2, and Block-3

Block-1 Block-2 Block-3
Hours | Compressive | Density Compressive | Density Compressive | Density
strength strength strength
1 28.66 2248.504 |30.33 2296.951 |16.2 2331.148
2 34.36 2343.934 |22.8 2385.159 | 16.85 2388.104
3 32.56 2318.589 |19.13 2327.262 | 17.4 2353.281
4 33.83 2355.713 | 24.13 2367.491 |15.73 2408.716
5 39.96 2322.674 |20.23 2340.116 | 23.96 2366.279
6 32.56 2319.093 |37.63 2412.961 |21.96 2380.122
7 34.9 2465.288 |37.6 2489.972 |20 2526.998
8 3422 2221912 |30.23 2235.886 | 21.66 2221912
9 33.82 2252.096 |24 2254987 |16.25 2252.096
10 34.35 2515.024 |25 2373.798 | 18.23 2515.024
11 33.13 2402.402 |23 2432432 |32.14 2402.402
12 36.6 2385.727 |30.23 2338.543 | 17.25 2388.676
13 34.63 2383.635 |34.56 2371.776 |22.14 2389.564
14 32.61 2345.029 |32.25 2342.105 |18.25 2397.661
74 26.83 2480.401 |27.36 2480.401 |19.54 2555.66
75 32.82 2463.145 |30.23 2463.145 |20.87 2509.214

equal to one in order to achieve this (Chatfield 2003). Because the dependent variable
frequently exhibits characteristics of both the autoregressive and the moving average
processes, it is conceivable to combine the two processes. An autoregressive and
moving average procedure, often known as ARMA, is used to achieve this result. It
is designated ARMA (1, 1) and defined as follows if both of the underlying AR and
MA models are of the first order.

Yi =0 +oarY_ + Boms + Biiti— (2)

where 6 is the constant (Fig. 2).
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Fig. 2 ARIMA model flow
chart

3 Results and Discussion

3.1 Stationarity Checking

After running a sequential plot for the real data of mass, compressive strength and
density results of concrete separately on the y-axis and time on the x-axis for three
number blocks, it was discovered that the data were non-seasonal and stationary, and
that the ARIMA model could be used for further forecasting. Figures 3, 4, and 5
provide an example of this. There is no continuous trend line since, according to the
time, there were ups and downs in different ways for blocks 1, 2, and 3. It has been
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found that their statistical properties are not constant with time.
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Table 2 Model description Model type
Model ID Mass Model 1 ARIMA(0,1,14)
CS Model_2 ARIMA(0,1,14)
Density Model_3 ARIMA(0,1,14)

3.2 Modelling Block-1 Time Series Data of Mass, CS,
Density of Concrete

The best-fitted ARIMA model for the data, according to the expert modeler, is an
ARIMA (0,1,14). The model includes zero autoregressive components, one moving
average component, and is integrated of the fourteenth order. The purpose of the
natural logarithmic transformation is to reduce the influence of outliers. Since the
natural logarithmic transformation is applied to the data and the ARIMA model
is integrated of the first order, the right side of the equation forecasts the rate of
return between two periods. In order to forecast a period, the previous period has
to be moved from the left side to the right side of the equation. The Ljung—Box—
Jenkins methodology is followed to validate the chosen model. Table 2 shows the
appropriate results that reveal the best ARIMA model can be formulized as ARIMA
(0,1,14) using expert modeler in SPSS.

In Table 3, Stationary R? value specifies the high degree of correlation between
the dependent variable is 0.859 (mass, CS, density) able to describe by the predictor
variable (time). Also, it showed root mean square error, maximum absolute prediction
error, maximum absolute error for mean and standard deviation and percentiles for
each of the statistics.

Table 4 shows the model fit statistics with R? values (represents the percentage
of variation between the dependent variables) are 0.859, 0.904, 0.953 for mass
compressive strength and density using Ljung—Box test statistics clearly reveal that
those are closure to 1 (0 <R < 1) it means that corresponding model best fits the data
and indicates there is no significant difference of dependent variable values like mass,
CS, density of Block-1 with 4 degrees of freedom, and the significant values 0.023,
0.036, 0.003 which are strictly less than the p-value, i.e., 0.05 level of significance.

We have the data for 75 h of mass, CS, density test results of concrete would like
to predict up to 90 h. Table 5 shows the forecast results of each model; there are
upper- and lower-control limits for each forecast results.

In Fig. 6, a visual demonstration of the fitted values in relation to the observed
values for Block-1 is illustrated. Also, it displays the Block-1 forecasts.

When the data are in non-seasonality, the ARIMA comes into picture most effec-
tively; more or less replicating the observed data, there are some ups and downs for
Block-1 test results of concrete showed in Fig. 7. Also the patterns that has been
exhibited for predicted and observed data almost unique using appropriate ARIMA
model fitting using SPSS tool.
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Table 4 Ljung—Box test statistics for mass, CS, density of Block 1 concrete

Model statistics
Model Model fit statistics L Jung-Box Q (18)

Stationary R-squared Statistics DF Sig.
Mass-Model _1 0.859 7.423 4 0.023
CS-Model _2 0.904 10.297 4 0.036
Density-Model _3 0.953 5.955 4 0.003

Table 6 shows the appropriate results that reveals the best ARIMA model can be
formulized as ARIMA (0,1,14) using expert modeler in SPSS. In Table 7 Stationary
R? value specifies the high degree of correlation between the dependent variables
such as mass, CS, density. Also, showed root mean square error, maximum abso-
lute percentage error, maximum absolute error for mean, and standard deviation
and percentiles for each of the statistics. Here mean squared error i.e stationary R-
squared is 0.492 is acceptable for fitted model. The adequacy model was confirmed
by exploring the Normalized Bayesian Information Criterion. In class of signifi-
cant ARIMA(p,d,q) models fitted statistically to the data, the ARIMA(0,1,14) model
had the least BIC value of —3.520.

Table 8 showed the model fit statistics with R? values 0.492 is acceptable, 0.832
and 0.917 are indicates a good fit for the model using Ljung—Box test statistics its
clearly reveal that there is no significant difference of dependent variable values
like Mass, CS, Density of Block-1 with 4 degrees of freedom and the significant
values 0.000, 0.012, 0.031 which is strictly less than the p-value i.e., 0.05 level of
significance. The Ljung—Box test (named after Greta M. Ljung and George E. P.
Box) is a statistical test that determines whether any of a collection of time series
autocorrelations is different from zero. It is a portmanteau test since it examines
“overall” randomness based on a lot of lags rather than assessing randomness at
each individual lag. In this work, we had used Ljung-Box test to predict the mass,
compressive strength, and also density of concrete which shows significant values in
prediction.

Table 9 shows the forecast results of each model; there are upper and lower control
limits for each forecast results. Figure 8, a visual demonstration of the fitted values in
relation to the observed values for Block-1, is illustrated. Also, it displays the Block-
1 forecasts. Block-2 test results of concrete are shown in Fig. 9. Also the patterns in
green line is predicted values and blue is observed values from Fig. 9 the lines, that
has been exhibits almost accurately unique using appropriate ARIMA model fitting
using SPSS tool. Table 10 shows the model fit statistics for Block-3 interpreted R-
squared values as 0.62 approximately indicates the good fit for ARIMA(O,1,14).
The Normalized Bayesian Information criterion is —3.36 approximately for some
percentile values shows data best fit for the fitted model.

Table 11 showed the model fit statistics with R? values using Ljung—Box test
statistics are 0.98, 0.100 and 0.91 its clearly reveal that there is no significant differ-
ence of dependent variable values like Mass, CS, Density of Block-3, also the test
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Fig. 6 Sequence chart of Block-1 results of observed and forecasted models

statistics using Ljung—Box Statistics indicates 19.274, 17.385 and 15.540 with 15
degrees of freedom and the significant values 0.002,0.001, 0.02 which is strictly less
than the p-value is 0.05 level of significance. Therefore the hypothesis for the Block-
3 data strictly acceptable for the fitted model. Table 12 shows the forecast results of
each model; there are upper and lower control limits for each forecast results.

In Fig. 10, a visual demonstration of the fitted values in relation to the observed
values for Block-3 is illustrated. Also, it displays the Block-3 forecasts. There are
some ups and downs for Block-1 test results of concrete showned in Fig. 11. Also
the patterns that has been exhibits the forcast almost accurately same for observed
values (blue line) and predicted values (green line) using appropriate ARIMA model
fitting using SPSS tool.

In the world of software engineering, a sequence diagram, also known as a system
sequence diagram (SSD), depicts object interactions in temporal order. It represents
the scenario’s objects as well as the sequence of messages exchanged between them in
order to carry out the scenario’s functionality. In the logical view of the system under
development, sequence diagrams are usually coupled with use case realizations.
Event diagrams and event scenarios are other names for sequence diagrams. Figure 10
provides the sequence plot used in this study which shows the correlation between
observed and forecast plots. Forecasted values show good correlation and matching
from the observed values, and hence, this can be effectively used to predict the
compressive strength of concrete.
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Table 6 Model description for Block-2

15

Model ID

Model type
Mass Model_1 ARIMA(0,1,14)
CS Model_2 ARIMA(0,1,14)
Density Model_3 ARIMA(0,1,14)

Table 7 Model fit for Block-2 concrete test results

Fit statistic Mean SE Minimum Maximum
Stationary R-squared 0.492 0.063 0.432 0.557
R-squared 0.241 0.130 0.094 0.341

RMSE 29.492 47.427 0.111 84.206

MAPE 4.687 5.260 0.839 10.681
MaxAPE 17.785 18.206 5.522 38.705

MAE 21.480 34.640 0.068 61.445
MaxAE 71.475 112.806 0.475 201.550
Normalized BIC 3.314 6.639 —-3.520 9.739

Fit statistic Percentile

5 10 25 50 75 90 95

Stationary R-squared |0.432 0.432 0.432 0.487 |0.557 0.557 0.557
R-squared 0.094 0.094 0.094 0290 |0.341 0.341 0.341
RMSE 0.111 0.111 0.111 4.159 | 84.206 |84.206 |84.206
MAPE 0.839 0.839 0.839 2.542 |10.681 |10.681 |10.681
MaxAPE 5.522 5.522 5522 |9.128 |38.705 |38.705 |38.705
MAE 0.068 0.068 0.068 2927 |61.445 |61.445 |61.445
MaxAE 0.475 0.475 0.475 12.402 | 202.550 |202.550 |202.550
Normalized BIC —3.520 —3.520 | —3.520 [3.723 |9.739 9.739 9.739
Table 8 Ljung—Box test statistics for mass, CS, density of Block-2 concrete

Model Model fit statistics Ljung-Box Q(18)

Stationary R-squared Statistics DF Sig

Mass-Model_1 0.492 4.286 4 0.000
CS-Model_2 0.832 4.506 4 0.012
Density-Model_3 0.917 3.233 4 0.031

4 Conclusion

The research was centered on a statistical analysis of 75 h of data from concrete
blocks in the areas of mass, compressive strength, and density, respectively. For the
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Table 9 Forecasted results along with upper and lower limits of concrete test results of Block-2

Model 76 7 78 79 80 81 82 |83
Mass- | Forecast|  8.05 | 8.01 800 801| 811| 812|806 8.12
Model |y, 8.26 | 8.23 822 823 833 834|828 8.235
- LCL 7.83 7.80 778 779 789 7.9 |7.83 79
CS- | Forecast| 27.59/29.13 | 31.16| 28.87| 2826| 29283098 | 3033
Model | ycr 35.17 3726 | 4023 37.96| 377 | 3854 4053 | 40.06
- LCL 20012100 | 221 | 1979] 1953] 2002]2142 | 206
Density | Forecast | 2501.3 | 2498.6 | 2512.11 | 2523.89 | 2496.2 |2516.6 | 2504 |2508.2
Vode |UCL 26654 26632 |2677.17 | 2689.11 | 26623 | 26849 | 26735 |2679.1
3 LCL 23372 |2334 |2347.05|2358.66|2330.2 | 23483 | 2334523374
Model 84 85 86 87 88 89 90
Mass- Forecast 8.11 8.06 8.04 | 8.06 8.08 8.08 8.08
Model _1 [ ycL 8.34 8.28 827 (830 832 8.31 8.31
LCL 7.89 7.83 781 |7.83 |7.84 7.84 7.84
Cs- Forecast | 2892 | 31.36 | 31.16 |29.29 |29.48 2996 | 29.97
Model .2 | ycL 39.06 | 4156 | 4139 3952 |39.97 4049 | 40.51
LCL 1878 | 2115 | 2094 |19.06 |19 1942 | 1942
Density - | Forecast |2503.2 |2516.5 |2513.1 |2518 |2519.1 |25259 |2527.9
Model _3 |y 26754 | 2695.1 |26924 26974 26992 |2706.8 |2708.8
LCL 2330.9 [2337.9 |2333.8 |2338.6 |2339.1 |23449 |2346.9
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Fig. 8 Sequence chart of Block-2 results of observed and forecasted models
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Table 10 Model fit for Block-3 concrete test results
Model
Fit statistics Mean SE Minimum Maximum Percentile
5
Stationary 0.628 0.012 0.616 0.64 0.616
R Squared
R Squared 0.278 0.171 0.106 0.448 0.106
RMSE 28.001 46.226 0.12 81.36 0.12
MAPE 3.491 3.267 0.976 7.184 0.976
MaxAPE 15.152 15.478 4.794 32.944 4.794
MAE 19.423 32.265 0.08 56.67 0.08
MaxAE 66.314 105.49 0.373 187.979 0.373
Normalized BIC 3.009 6.523 —3.366 9.67 —3.366
Model
Fit statistics
10 25 50 75 90 95
Stationary 0.616 0.616 0.63 0.64 0.64 0.64
R Squared
R Squared 0.106 0.106 0.28 0.448 0.45 0.45
RMSE 0.12 0.12 2.52 81.36 81.4 81.4
MAPE 0.976 0.976 2.31 7.184 7.18 7.18
MaxAPE 4.794 4.794 7.72 32.94 329 329
MAE 0.08 0.08 1.52 56.67 56.7 56.7
MaxAE 0.373 0.373 10.6 188 188 188
Normalized BIC —3.366 —3.37 2.72 9.67 9.67 9.67
Table 11 Model statistics (Ljung—Box test)
Model Model fit statistics Ljung-Box Q(18)
Stationary R-squared Statistics DF Sig
Mass-Model_1 0.98 19.274 15 0.002
CS-Model_2 0.100 17.385 15 0.001
Density-Model_3 0.91 15.540 15 0.002

purposes of this work, the expert modeler in SPSS was used to estimate the most well-
fitting ARIMA models for Block-1, Block-2, and Block-3. It has been determined
that the ARIMA model ARIMA (0,1,14) is the most appropriate for simulating and
forecasting and that the MPE and MAPE were computed using the out-of-sample
forecasts and the actual outcomes, allowing for comparison with inferior fitted models
and models used in previous studies. The Ljung—Box—Jenkins methodology was used
to validate the models. When the expert modeler calculates a suitable ARIMA model
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Table 12 Forecasted results along with upper and lower limits of concrete test results of Block-3

Model 76 77 78 (79 180 81 82 83
Mass- |Forecast| 823| 82382 |825 828| 834| 83 8.25
Ni"del UCL 846 | 846|843 849 853| 859 855| 85
- LCL 800 800|796 |8.02 804 809 806 80
CS-  |Forecast| 2034| 198 |188 |19.88| 19.73| 1961 21.76| 20.61
Model | ycoL 24.85| 2426|2319 2439 2422 2437 2787 2613
- LCL 16.18 | 157 1477 1573 | 1559 | 1524| 1665 1559
Density | Forecast | 2559.5 | 2585.76 | 2565.6 | 2591 |2588.1 |2642.7 |2572.9 |2619.1
';VIOde‘ UCL  |2719.5 |2746.95 27289 |2755 |2752.4 |2811.8 |2740.6 |2788.4
- LCL  |24032 |242825|2406 |2430 |2427.6 |2477.5 |2409.2 |2453.9
Model 84 85 86 87 88 89 90
Mass- Forecast 8.26 8.23 8.27 8.31 |83 8.29 |8.3
Model _1' [ ycL 8.52 8.49 8.53 8.58 |8.57 8.56 | 8.56
LCL 8.02 7.97 8.01 8.05 |8.04 8.03 |8.03
Cs- Forecast | 2074 | 2005 | 2044 | 2042 |20.67 2094 |20.95
Model .2 [ ycL 2645 | 2572 | 2619 | 26.16 |26.65 27.04 | 27.06
LCL 1557 | 1492 | 1525 | 1523 |15.28 15.44 | 1545
Density - | Forecast |2577.99 |26104 |2621.1 |2585.7 |2614 2605.99 |2608.9
Model 3 [ycL 27499 [27804 [2793.1 [27573 |27882 |2786.96 | 2790
LCL 2414.08 |2444.4 |24533 24184 24441 |2429.61 | 24324

for a time series, the process was followed. By using line charts as a graphical tool
to analyse the data, the researchers discovered that the ARIMA models had the
same p, d, and g values, which confirmed the suggested models. Furthermore, the
Ljung—Box statistic was used to verify the residuals of the models to ensure that
they were within acceptable limits. The validation of the suggested models using
the Box—Jenkins approach demonstrates that the expert modeler was an appropriate
tool for estimating ARIMA models for the time series in question, which supports
this conclusion. Recently, it has been discovered that the observed and anticipated
values are extremely similar to one another. Using the statistical parameters stationary
R2, R2, root mean square error (RMSE), mean absolute percentage error (MAPE),
and normalized Bayesian information criterion (BIC), we tested the validity and
applicability of the developed ARIMA models. The results revealed that the models
fit reasonably well with the observed data series, indicating that the models are valid
and applicable. Further methods for confirming the applicability and correctness of
the ARIMA models constructed using different single-noise metric combinations
include the Ljung—Box analysis and the standardized residual error analysis.
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3D Thermal Spike Simulation: Swift m)
Heavy Ion Irradiation of Embedded ek
a-SiC Nano-Zone Inside 4H-SiC

Anusmita Chakravorty, Ch Dufour, and Debdulal Kabiraj

1 Introduction

Silicon carbide (SiC) has shown tremendous potential for high-temperature and high-
radiation applications and is being investigated as a possible option for reactor core
components and structural materials [1]. Its properties meet the primary criteria for
long-term service as cladding materials in respect of resistance to corrosion, retention
ability for the activated fission products, low neutron absorption cross-section, and
excellent mechanical properties [1, 2]. Moreover, 4H-SiC has been favored for high-
power device applications because of its strong breakdown electric field, high carrier
mobility, and low anisotropy, as well as its availability as high-quality single-crystal
wafers [3]. Today, the 4H-SiC-based super-junction is a cornerstone of the power
industry. A super-junction is formed by creating p-type, high-aspect-ratio columns
in n-doped vertical drift zones. Currently, the manufacturing of SiC super junc-
tions deploys an advanced approach, whereby an extended implanted ion profile is
achieved using monoenergetic MeV ions [4]. Thus, it is essential to model the effects
of irradiation with swift heavy ions to predict the different possibilities of material
modifications and allow preservation of the device integrity in various applications.

When an energetic ion beam collides with a target, the ions slow down in two
ways: elastic/nuclear energy loss (S,) and inelastic/electronic energy loss (S.). For
ion energies ranging from keVs to a few MeVs, atomic displacements in the crys-
talline lattice can be directly predicted by simulating the displacements caused by
Sy. For high energy heavy ions (MeVs to GeVs), also known as “Swift heavy ion
(SHI),” the inelastic energy loss (S.) is often two orders of magnitude greater than
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Sh. In this energy loss regime, no atomic movements are expected to be observed.
However, experimental observations demonstrate structural changes such as defor-
mations, amorphization, and recrystallization even when SHIs interact with mate-
rials. When SHIs collide with a material target, severe lattice distortions including
amorphization are frequently detected within the material under specific circum-
stances. The observed ion trajectories in materials are often referred to as “Latent
ion tracks” [5, 6]. It is worth mentioning that SHIs do not result in observable track
formation but have been found to have annealing effects in pre-damaged crystalline
SiC making it crucial to comprehend the mechanisms involved in ion beam-induced
recrystallization.

This simulation work has been carried out to understand and interpret the experi-
mentally observed results in the case of 100 meV Ag ion irradiation at room temper-
ature and low temperature (~80 K) in pristine and pre-damaged 4H-SiC [7-9]. The
beam parameters are selected based on experimental availability and TRIM simu-
lations [10] to quantify the ratio of inelastic energy to elastic energy loss (S¢/Sh).
The energy is chosen considering the Bragg peak, which approximately occurs at
1 meV/nucleon for the case 100 meV Ag. On the Bragg curve, which depicts the
energy loss of ionizing radiation as it passes through matter, the Bragg peak is where
the maximum occurs. Out of the available energies and beams from the 15-UD
Pelletron at [TUAC India, 100 meV Ag provides the maximum S, with the ion energy
of 1 meV/nucleon. High S, is required to maximize thermal spike temperature.

The energy loss by ions in the low energy regime occurs via elastic energy dissi-
pation in atomic collision cascades, which is easily described by molecular dynamics
simulations. At considerably higher ion energies (MeVs to GeVs) where energy loss
to electrons dominates, an inelastic thermal spike model (TSM), first presented by
Vineyard [11] and more thoroughly developed [12] lately, can represent the connec-
tion between electronic energy loss (S.) mechanisms and atomic processes. More
recently, the 3D version [13] of the thermal spike model has been developed and
applied to embedded nanoparticles inside a dielectric matrix. In the present work,
we simulate the radial and temporal temperature profiles observed after the bombard-
ment of pristine and embedded systems with SHI. We perform the 3D Thermal Spike
Model simulation for a-SiC, 4H-SiC, and spherical amorphous nano-zone embedded
in 4H-SiC, irradiated with 100 meV Ag at room temperature.

2 Methodology

In the TSM, the incoming ion causes significant electronic excitations and electron—
electron scattering along its path. The electron—phonon coupling causes this energy
to transfer from electrons to the lattice atoms, leading to a localized thermal spike
[10-12]. A detailed description of the coupled electronic and atomic subsystems is
given by a set of two heat diffusion equations as follows:
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where,

T: electronic temperature (K)

T ,: atomic temperatures (K)

C.: heat capacity of the electronic system (J cm™> K1)

C.: heat capacity of the atomic system (J cm™ K~)

K.: electronic thermal conductivity (W cm™3 K1)

K ,: lattice thermal conductivity (W cm™3 K1)

A(r,t): energy deposition from the incident high energy heavy ion to the electronic
subsystem (W cm ™)

g: electron—phonon coupling parameter which controls the flux of heat or energy
from the electrons the phonons per unit time and volume (W cm™3 K~')

The work presented in this paper utilizes a computer code for performing the
thermal spike simulation. The computations are done using the High-Performance
Computing Facility at Inter-University Accelerator Centre, New Delhi, India. M.
Toulemonde, Ch. Dufour, and colleagues [ 14] wrote the first versions of the computer
code for thermal spike calculations in Fortran. Vladimir Khomenkov recently
converted the source code into the C programming language under the supervision
of Ch. Dufour and the 3D implementations were mathematically integrated into the
code. So far, the 3D version of the algorithm has been applied to nanoparticles inside
a dielectric matrix [13], and we are extending this model to simulate SHI irradiation
effects in an amorphous zone inside a crystalline material. The simulated results are
plotted using the OriginPro data analysis and graphing software.

The parameters for the crystalline 4H-SiC lattice used for performing the thermal
spike simulations in this investigation, such as thermal conductivity and lattice
specific heat, are reported in [ 15, 16]. The electron—phonon coupling strength is taken
from [17]. As a low limiting scenario for the model, the electron—phonon coupling
and specific heat for amorphous SiC are considered to be the same as for crystalline
SiC due to a lack of available data. The lattice thermal conductivity values of amor-
phous SiC are one order of magnitude lower than those of its crystalline counterpart,
according to the literature [18].

3 Results and Discussion

The TSM equations (1) and (2) are solved to yield local heating profiles from S,
deposited by 100 meV Ag in 4H-SiC and a-SiC. As shown in Fig. 1a, b, the lattice
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Fig. 1 Atomic temperature (in K) profiles for a Crystalline 4H-SiC and b Amorphous SiC
bombarded with 100 meV Ag simulated using the 3D Thermal spike model

temperature exceeds the melting point for both a-SiC (2445 K) and crystalline 4H-
SiC (3500 K) but the spike lasts for a longer duration in the case of a-SiC. A longer
duration of spike quenching allows some more time for atomic movement in the
molten phase. As a consequence, it increases the probability for the defects to anneal
out during irradiation in the case of a pre-damaged material.

Finally, we look at how the TSM may be used to better understand the thermal
behavior of a pre-damaged 4H-SiC with an amorphous inclusion. The lattice thermal
spike profiles due to an ion impact can be evaluated by considering the above system
as a case similar to embedded systems where we have an amorphous spherical
nano-zone inside the 4H-SiC crystalline matrix. According to the simulated lattice
temperature profiles presented in Fig. 2a, b, it can be suggested that the swift Ag
can cause complete melting within the embedded amorphous nano-zone. Given the
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Fig. 2 The 3D Thermal spike model simulated atomic temperature (in K) profiles for 100 meV
Ag ion-irradiated amorphous SiC nano-zone (radius: 1 nm) embedded inside crystalline 4H-SiC.
a Atomic temperature profile with time and radial distance from the ion trajectory. The Contour
lines mark the amorphous SiC (2445 K), and 4H-SiC (3500 K) melting temperatures. b Atomic
temperature profile as a function of radial distance from the ion trajectory at time = 2.2 x 10~13
when the lattice reached its maximum temperature



3D Thermal Spike Simulation: Swift Heavy Ion ... 29

higher melting temperature of the crystalline phase than the amorphous phase, melt-
flow can also occur in the crystalline regions surrounding the amorphous pockets
as SHI-induced melting occurs within a radius of roughly 3 nm from the center of
the ion’s path. This result implies that the temperature increase is high enough to
allow recrystallization at the crystalline—amorphous interface via melting and rapid
re-solidification within ~1 ps. This is to be expected, given that the surrounding
crystalline areas supply the required seed for epitaxial recrystallization to occur.

4 Conclusions

We presented the 3D implementation of the thermal spike model to simulate the
thermal behavior of a pre-damaged 4H-SiC crystal, having an embedded amorphous
nano-zone, after swift heavy ion interaction. Using the amorphous (nano-zone) and
crystalline thermal parameters, it is shown that the heating of the nano-zone starts
from the center toward the outer layers. This provides enough energy to melt the
whole nano-zone and the crystalline—amorphous interfacial area. The simulations
proposed in this work provide a background for the understanding of swift heavy-
induced recovery effects in pre-damaged 4H-SiC.
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Enhancement of Heat Transfer in Solar M)
Dehydrator for Agriculture Products e

A. Ponshanmugakumar ® and R. Rajavel

1 Introduction

In recent years, other methods have been developed to obtain a greater understanding
of research in drying the agriculture species and seeds. In this method, biological
material is exposed either directly or indirectly to light to dehydrate it [1]. Dehy-
dration reduces a product’s moisture content to levels that allow it to be stored for
longer periods of time without losing quality. This study looks into the species as
well as the solar dehydrator. Infectious diseases, disruption linked with discom-
fort, poor digestion, and diarrhoea are all medical uses for the species. Among the
principal components of species are unwanted acid compounds. Essential oils are
odorous compounds extracted by water vapour or hydrodistillation from aromatic
and species. The quality of dried plants is degraded by solar radiation, which causes
oil loss and colour shifts [2]. Temperature and light (sunny hours) have a bigger
influence on essential oils and azulene concentrations than soil type. If the ambient
temperature is 37 °C or above, the flowers are fragile and dry in 5-7 days; however,
if the ambient temperature is 37 °C or higher, it takes 3—5 days. A vacuum sealer is
the best way to maintain M. essential oil and prochamazulene content. It is a good
idea to dry Chamomile blossoms affectedly with a detonation of air at 40-45 °C.
Concentration and volume of aromatic plant oils are greatly influenced by the
drying process [3]. It was designed to determine time drying and velocity testing
of species drying in constant circumstances, which include air that does not change
considerably from input to output over time. The amount of moisture lost per unit
of time determines the drying velocity. The moisture per cent was computed by
multiplying the difference between the before and after drying masses, as well as
the before drying mass, difference between drying masses, as well as the before
drying mass. The temperature and thickness of the species layer were modified in
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preliminary laboratory and pilot scale testing. Solar drying was also used to conduct
pilot experiments with resistors and a temperature controller. The species required
more than 28 h to reach 14.5% moisture in an oven test at 30 °C, but only 12% at
45 °C after the same amount of time [4]. After 45 °C and 27 h of solar drying, the
species had a moisture content of 11.7%. Fuel expenditure, change in temperature,
and moisture were all measured. The average temperature was 45 °C.

2 Objective of the Work

The purpose of this research is to design solar drier that can dry grains via the cabinet’s
glass walls and roof using both direct and indirect sunlight, as well as warm air from
the solar collector.

3 Literature Review

Crop drying is the farm’s most energy-intensive process. Agricultural food is dried
to remove moisture and make it easier to handle and store for longer periods of time.
Crops are also dried by blowing air through them before or during storage to prevent
spontaneous combustion and fermentation. According to Hartman, poor handling of
seeds and a lack of post-harvest, and seed separation equipment adoption cause will
cause more wastages (1991). Grain and seed are commonly collected with moisture
levels ranging from 18 to 40%. Moisture level of the agriculture products are 7-11%.
A grain crop may need to be stored for a while after harvesting before being sold
or used as feed. How long a crop may be adequately stored depends on the state in
which it was collected as well as the sort of storage facility employed. Grains can be
stored for lengthy periods of time at low temperatures and with low moisture content
before losing their quality.

Solar energy technologies that convert solar radiation directly into heat are
predicted to be widely used in the near future. Of course, the reliability of solar
energy can be enhanced by storing a portion of it while it is not in use and using
it when needed. Solar drying is a decentralised solar energy thermal use that could
benefit developing countries [5]. As a result, employing a solar dryer allows you to
take advantage of the sun’s free energy while yet ensuring good product quality with
precise radiative heat management. All around the world, solar energy has been used
to dry objects. Due to the wide range of solar dryers available, grain, fruits, meat,
vegetables, and fish are all commonly solar-dried products. In five key categories, a
typical solar drier outperforms an open-air sun system [6].
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3.1 Solar Dryers that Are Exposed to the Sun Directly

In direct solar dryers, the dehydrated product is exposed to direct sunshine. Tradi-
tional methods of drying food and clothing in the sun included hanging them on
lines, laying them on rocks, and stacking them on top of tents. Mongolians continue
to dry cheese and meat using the top of their gers (tents) as a solar dryer. By removing
more saturated air from the products to be dried, air movement (wind) promotes sun
drying in these systems. Complex drying racks and solar tents have recently been
used to construct sun dryers.

3.2 Solar-Powered Clothes Dryers (Indirect)

Indirect sun dryers use a black surface to heat entering air instead of directly heating
the material to be dried. After passing over the object to be dried, warm air is forced
upwards, often through a chimney, carrying moisture with it. They might be as basic as
a slanted cold frame covered in black fabric, or as complex as a completely insulated
brick construction with active ventilation and backup heating. Using the indirect
technique, food, or any other item, can be better protected from contamination by
wind, insects, or animals. Furthermore, exposure to bright sunshine can alter the
chemical composition of some foods, making them less appetising. The current
study examines CSP technology as well as the advantages of solar tower collectors
(STC).

This work proposes a mechanism for calculating on a mix of previous research
findings and current meteorological data. Finally, it shows weather predictions for a
number of STC locations. Describes how to use forecasts to create a simulation of
the plant configuration required for the best STC.

3.3 Design of Solar Dryers

Plywood panels, Steel frames, wooden boards, galvanised iron sheets, clear glass,
and a mini axial fan were used to build the dryer, all of which were inexpensively
accessible locally. 4-5 mm was chosen as the thickness of slices. Since then, an
indirect sort of sun drier has been investigated unlike a direct type, and it does
not alter the colour or nutritional value of the vegetables. Furthermore, there is no
localised heating; thus, the drying is consistent. Flat plate collectors are commonly
utilised since they are simple to construct and cost less. Because GI sheet is a good
conductor and cost-effective, the collector is made of 0.6 mm thick GI sheet. To
maximise the heat absorption, it was painted black. Glass thickness of 5 mm [7] is
recommended for collectors. In a tropical climate, a 5-cm air gap is recommended
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[8]. Plywood was chosen as the insulating material since it is both effective and eco-
friendly. Other common insulating materials, such as glass wool, have carcinogenic
consequences. An air sand layer was placed among two pieces of plywood panel
to prevent heat loss. Aluminium foil is wrapped around the inside of the chamber
to further limit heat loss through radiation and avoid moisture absorption by wood.
The trays were made of food-safe stainless steel mesh, and the bananas were placed
on food-safe wooden skewers. An axial flow fan was chosen to produce a consistent
flow rate of air during the experiment based on calculations of pressure loss in the
system and the requisite flow rate limit of air at 3 m/s.

4 Thermal Storage

4.1 Phase-Changing Materials

PCMs have revolutionised thermal systems during the last four decades [8]. Several
review studies, as well as evaluations of techniques to enhance poor thermal conduc-
tivity and appropriate characterisation approaches, have established that paraffin has
a high latent heat. There is a lot of information on the use in low-temperature thermal
energy storage and thermal management systems, of paraffin waxes, particularly in
overlapping industries such as battery thermal management, photovoltaics, buildings,
solar chimneys, and sun dryers. The authors should be applauded for their extensive
research and data gathering efforts. A summary of peer-reviewed papers on a variety
of themes is shown in Fig. 1.
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4.2 Paraffin Wax Functions and Classification

The phase change theory and a phase change diagram are given for paraffin waxes.
Based on the overlapping fields, the roles of paraffin waxes are also summarised.
Section 3 goes into the thermophysical properties of paraffin waxes, covering produc-
tion procedures, thermal reinforcements, a systematic flowchart to help under-
stand how to build exceptional thermal composites, and thermal composite perfor-
mance evaluation characterisation methodology. Section 4 delves into the topic of
complicated thermal systems. The study finishes with a critical analysis of thermal
system design and fabrication issues using thermal composites, as well as possible
conclusions and recommendation.

4.3 Paraffin Wax Functions and Classification

The state of matter has traditionally been used to classify phase transitions. In the
solid state, however, another sort of phase shift can occur. As shown in Fig. 1, crystal
structures shift, providing fractional latent heat to total phase transition processes.

Figures 1 and 2 show phase change-dependent classification and paraffin wax
functions, respectively. It provides instances and essential topics. Fig. 2 depicts the
suggested taxonomy, which links these two basic categories with PMs implicated.
Figure 2 displays the ideal phase change diagram, which contains discrete regimes
of thermal excitation as well as certain types of thermal energy, to summarise and
characterise the full phase transition process of solid-liquid PCMs, notably paraffin
waxes.
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5 Design Considerations

5.1 Temperature

This work is conducted in response to the need to enhance the drying product at pure
and to remove the moisture. As a result, drying these agriculture products at 45 °C
or above has become very common in all places.

5.2 Preparation

The dryer was designed with the goal of reaching the greatest temperature feasible.
To=60°C, T, =30°C;To=60°C, T, =30°C; Tp=60°C,T; =30°C; To =
60°C, T, =30°C;To=60°C, T =30°C;Ty=60°C, T, =30°C; To =60 °C,
T, =30°C; Ty =60°C, T; =30 °C; T (approximately outdoor temperature).

5.3 Air Gap

For passive solar dryers in hot climates, a 5 cm space between the air vent (inlet) and
the air route is recommended.

5.4 A Glass Collector or a Flat Plate

The glass covering should be 4-5 m thick, according to the requirements. The thick-
ness of the translucent glass utilised in this project was 4 mm. He also recommended
a metal sheet thickness of 0.8—1.0 mm; in this case, galvanised steel with a thickness
of 1.0 mm was used. Glass covered the collector’s cover, which measured 103 x
100 cm?.

5.5 Dimensions

Masnaji designed, constructed, and deployed the system. The system has a dry
maximum capacity of 5 kg and a volumetric capacity of 0.55 m® in Fig. 3. The
dehydrator’s air intake is at the bottom, while the exhaust is at the top. Glass is trans-
parent in practically all wavelengths relevant to thermal energy, as is widely known
[9]. Using thermometers and hygrometers, the temperature and humidity of the input
and output air were measured. The most successful dehydration necessitates the use
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Fig. 3 shows how to set up a solar dehydrator

of instruments. The following are the properties of the sensor: A DS18B20 digital
thermometer with a resolution of 9 bits to 12 bits in Celsius was used to take the
temperature measurements. It is precise to 0.5 °C and has a temperature range of —
55 to +125 °C. The DHT11 humidity sensor provides a 20-90% relative humidity
detection range and a humidity accuracy of 5% relative humidity.

Cabinets are the most common; however, cardboard boxes and translucent nylon
or polythene can be used to improve some of them. The theoretical foundation for
the design in question is provided by the greenhouse effect and thermo syphon [10].

6 Result and Discussion

The measurement was taken by changing the unit’s inclinations which ever possible
[11]. And repeated trials are taken to obtain the comprehensive attributes of dehy-
drated solar in different days and seasons. Collector’s temperature T output climbed
to 14 °C after sampling the air with a one-minute interval, as shown in Fig. 4.
Figure 5 explains the mass flow rate vs the increase in thermal power output.
Figure 6 shows the variation of thermal efficiency with the hot air mass flow rate.
Figures 7 and 8 compare the time delay with temperature range for both without using
PCM and using PCM storage performance. Figure 9 explains high temperatures
affect the quantity and quality of essential oils in aromatic and species plants not
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Fig. 4 Setup for experiments
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Fig. 5 The effect of changing the mass flow rate on the solar air heaters’ thermal output power



Enhancement of Heat Transfer in Solar ... 39

75~

70 4

N

Thermal Efficiency (%)
(4,1 (s3]
(4,1 o

wn
o
1

i

45 ) T L] T ) T b T b} T ' T e T L] 1
006 008 010 012 014 0.16 0.18 020 0.22
Mass flow rate(kg/s)

Fig. 6 Variation in mass flow rate has an impact on the solar air heater’s thermal efficiency

120 -

100 -

e

Temperature (oC)

8 10 12 14 16 18
Time Delay

Fig. 7 Without employing the PCM, temperature variation of indirect solar dryer

only during drying but also throughout the storage. The impact of drying on the
volume and value of essential oils has been extensively investigated. Relevance to
Sari and Himsar [12], the temperature of air is increased during species drying from
30 to 50 °C reduced dehydrating time from 52 to 3.5 h without affecting essential
oil concentration. It varies between 15 and 25% depending on how dry the air is.
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Investigated the chemical composition and synthesis of species essential oil after
drying in a fixed layer at 80 °C.
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7

Conclusion

In this study, the sun dehydrator method was found to be effective in preserving the
species’ characteristics throughout dehydration.

Drying species led in a decrease in essential oil concentration and chemical
composition, according to the findings. Drying air temperatures of 50-60 °C,
on the other hand, appear to be suitable for a wide variety of species.

The new system generates more thermal energy without raising the cost of the
system. The dehydrated samples meet the standard’s standards to a satisfactory
extent.

The moisture content of aromatics and species determines their physical and
chemical properties. When a plant is dried, its weight and bulk are reduced, making
it easier to transport and store.

It may also make plant marketing easier and help maintain a regular supply.
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1 Introduction

Geopolymers belong to a new class of aluminosilicate composites which serves
to be an alternative to cement-based composites, was conceptualized by Joseph
Davidovits, and has drawn increasing worldwide attention in a short span due to
low cost, high compressive strength, outstanding thermal properties, environmen-
tally friendly nature [1, 2]. The constituents for geopolymer composites include a
precursor element abundant in aluminum and silica along with an alkaline solution,
generally a mix of sodium hydroxide/or silicates. These precursor materials (i.e.,
binders) mostly include industrial wastes rich in aluminosilicate such as coal FA,
GGBFS, RHA, AR, RM, etc. Additionally, geopolymerization technology is instru-
mental in promoting the circular economy, as it efficiently converts many inorganic
wastes into useful products. The utilization of industrial wastes in the development
of eco-friendly constructional materials is a huge leap in terms of sustainable devel-
opment. The production of geopolymer composites significantly enhances waste
immobilization and encapsulation by utilizing industrial waste materials in producing
environmentally sustainable construction materials [3-5].

However, geopolymers are considered to have low flexural and tensile strength and
are known to be brittle which limits their implementation for wide structural appli-
cations [6]. Therefore, there is a need for the valuable introduction of secondary
reinforcement particles into the geopolymer matrix, and several progressive efforts
have been undertaken in this regard to modulate geopolymers using carbon fibers [7],
a-Al,O;3 particle filler [8], cotton fibers [9] for enhancement of mechanical proper-
ties of geopolymers. The use of graphene, a unique two-dimensional carbonaceous
nanomaterial, as a reinforcing agent into the geopolymer matrix could potentially
improve microstructural and strength properties [10-12].

Graphene has sparked enormous interest across the world due to its remark-
able characteristics including low density, large surface area, and unique thermal,
electrical, and mechanical capabilities [13—15]. Therefore, mixing graphene and its
subsidiaries; graphene oxide (GO), and reduced graphene oxide (rGO) to form supe-
rior geopolymer composites seems to be a progressive approach toward the develop-
ment of advanced eco-friendly composites. In this paper, a review-based study that
presents a brief review of the developments of graphene reinforced geopolymers has
been undertaken to reach a better understanding of the subject.
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2 Geopolymer Composites

Geopolymer composites (GCs) have emerged as an eco-friendly substitution of
conventional cementitious and polymeric composites. The term “geopolymers” indi-
cates a group of inorganic aluminosilicate polymers that are synthesized artificially
in a way similar to the natural/artificial synthesis of zeolites or molecular sieves. The
versatility of geopolymers has transformed itself into a material with several appli-
cations; it can be used as a binder for cement-less concrete, an adhesive for compos-
ites with high thermal applications, a coating for fireproof elements, etc. Moreover,
monumental developments have been seen in this field with several breakthrough
research findings; the use of 100% industrial waste as geopolymer precursor mate-
rial at present is one of them, whereas initial geopolymeric materials were based
on natural occurring aluminosilicates. The synergic efforts by several researchers to
develop high-strength GC at ambient temperature curing is another major accom-
plishment that has widened its scope for in situ applications and lessens the embodied
energy of GC. However, several research works have utilized different kinds of wastes
such as coal ash, industrial slag, agricultural residue, etc. as shown in Fig. 1 to produce
GC, in some cases the wastes have been used as the binder whereas, in certain cases
as aggregates. The following subsection discusses the utilization of different wastes
in geopolymers.
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2.1 Coal Ash

The term coal ash specifies both fly ash (FA) and bottom ash (BA). FA has high
fineness with pozzolanic properties, whereas BA shows very little reactivity due
to large particle size and presence of unburnt carbon. Due to high reactivity and a
good amount of alumina-silica content, FA is considered one of the best precursor
materials for geopolymer synthesis. Numerous investigations have utilized FA as the
major source material due to its higher degree of geopolymerization in an alkaline
environment, and the ability to reduce hydration heat and thermal cracking [16—
21]. However, there exists some research where FA has been used as a replacement
to fine aggregates in GC [18]. Furthermore, as some researchers have indicated,
BA can be utilized as an aluminosilicate precursor for geopolymer synthesis [16].
Xie et al. disclosed that BA performs very poorly as a source material (binder) in
ambient curing conditions due to the lower degree of geopolymerization and remains
mostly unreacted in the composite matrix while adversely affecting the strength of
the resulting composites [17]. Therefore, Ghose et al. suggested BA could be used as
areplacement to sand (fine aggregate) in GC, thus providing a sustainable alternative
to river sand [19]. It could provide additional reinforcement to the composite matrix
owing to its rougher and porous surface of coarser, irregular particles. Since both
the FA and BA can be used extensively in the GC production process, as per the
physiochemical properties of coal ash, they can be suitably used in GC as aggregates
or binders for sustainable waste management.

2.2 Industrial Slag and Ash

The industrial slag is generally generated during the metal extraction or alloy manu-
facturing process in metallurgical industries. Different types of slag are generated
depending upon the extraction process, type of material, and furnace. The blast
furnace slag (BFS), LD slag, ferrochrome slag (FCS), ferrochrome ash (FCA),
ferronickel slag (FS), etc. are the most common type of waste and generated in
humongous quantity. Multiple studies have explored the possible utilization of BFS
in GC [22-25], the results of those experiments are also very promising. The GC
achieves a considerable amount of compressive strength and other key engineering
properties like FA-GC when BFS was induced into the GC system [26]. The high
calcium content of BES helps the GC to set early at atmospheric conditions by gener-
ating some extra heat through hydration reaction during the origination of C—S-H.
However, the percentage of CaO in the BFS also enriches the GC complex with
C—A-S—H gel along with C—S—H which helps in achieving a considerable amount of
early-age strength. Very few attempts have been made to utilize ferrochrome wastes
in GC. Mishra et al. examined the possibility of utilizing FCA as the primary source
material for GC production with BFS at room temperature conditions [27-29]. Some
limited research work has also been conducted taking FCS (ground) as a precursor
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material for GC with Na-based alkaline activators [30, 31]. The use of FCS has been
investigated as coarse aggregate in GC by Jena and Panigrahi in their study; they have
reported that FCS shows promising results in both mechanical and microstructural
performances [32].

2.3 Agricultural Residues

Some of the agricultural industries also generate some inorganic residual wastes.
RHA, SBH, PFA, etc. contain a high amount of aluminosilicate therefore could be
used as source material for GC preparation. Several researchers have attempted to use
RHA in GC alongside FA or BFS [33-36], and some researches have been conducted
utilizing RHA as the sole precursor for GC [37, 38]. Das et al. evaluated the impact
of RHA in FA-BFS-based GC at ambient temperature curing and suggested that up
to 5% RHA can be utilized. In contradicting their statement, some authors suggested
that RHA can be induced in GC up to 30% without hampering its mechanical and
durability properties [36]. It is well established that the high silica content of the RHA
induces more silica precursors for reaction during geopolymerization; thus, a higher
amount of reaction product generates which enhances the properties of GC. Amin
etal. suggested that the SBH can be taken as a precursor along with china clay for GC
preparation; the performance of SBH in GC was comparable with that of FA or BFS
[39]. Alonso et al. inspected the feasibility of utilizing OBA as an alternative activator
in geopolymer development, due to the high silica and calcium content of OBA; they
have successfully synthesized this novel binder [40]. Moreover, several authors have
reported the utility of PFA in geopolymers [41—43], Olivia et al. investigated FA-
PFA geopolymer mortars and concluded that PFA can partially replace FA, however
with increasing content of PFA the durability properties of GC reduce [41]. The
sustainable utilization of coconut shell has also been undertaken by another research
group; they have suggested the possible utilization of this waste into GC [44].

3 Requirement of Property Enhancers for Geopolymer
Applications

To increase the strength and durability properties of GC, several strength-enhancing
materials, namely silica fume, nanosilica, rice husk ash, have been introduced to
the geopolymer matrix [45, 46]. Mechanical strength characteristics of GC such
as compressive strength, flexural strength, drying shrinkages, modulus of elasticity
were [47] greatly enhanced after the inclusion of these materials into the system as
reported in previous literature [34, 48, 49]. In the case of geopolymers, the strength
advancement is majorly determined by the quality and amount of calcium alumi-
nosilicate hydrate (C—A—S—H) and sodium aluminosilicate hydrate (N—-A—S—H) gels.
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Hence, these strength-enhancing materials help in reducing the overall porosity of the
composite matrix and in the generation of extra gels or act as a catalyst for accelerating
the geopolymerization process. Porosity in GC is governed by the ability of alkali ions
to migrate inside the binder matrix which leads to adverse effect on the strength and
durability of the composite [50]. However, because GC is inherently quasi-brittle, its
ductility may be enhanced by employing suitable reinforcing elements such as fibers
[47]. Moreover, with better tension properties, the requirement for external reinforce-
ment gets minimized. Most fibers behave as reinforcement material without taking
part in the reaction in the binder phase, whereas there exist few fibers that take part in
reaction to produce additional reaction products, viz. basalt fibers [51-54]. As aresult,
the introduction of strength-enhancing materials has become necessary to improve
the mechanical characteristics of GC. Mostly, these materials are supplements to
the precursors or fibers [55] that induce better tensile properties by preventing frac-
tures in a gel phase in the composite matrix. In addition to the prior discussion,
graphene derivatives have proven to be beneficial by displaying remarkable perfor-
mance improvements in geopolymer composite materials for various applications.
Graphene derivatives could serve to enhance microstructural and strength character-
istics at very low doses primarily due to their strong chemical bonding and mechan-
ical interaction with the geopolymer matrix resulting from the wrinkling as well
as the reduction in overall porosity [56, 57]. Figure 2 highlights different property
enhancers utilized in geopolymer composites.

4 Graphene-Geopolymer Composites

4.1 Synthesis of Graphene

According to IUPAC, graphene is a single layer of carbon atoms attained from a
graphite structure arranged in a 2D hexagonal lattice. It holds exceptional mechanical,
thermal as well as electrical properties which allow it to be a promising reinforcing
material for manufacturing composite materials. Various techniques have been high-
lighted by Dasari et al. to synthesize graphene which includes exfoliation, chemical
vapor deposition (CVD), organic synthesis, and chemical derivation of graphene
(production of GO and rGO). Each of these approaches has its own set of benefits,
drawbacks, and cost-effectiveness [58]. The group of graphene derivatives has been
quickly developing, particularly during the last decade. Despite the huge research
in the field of graphene, only fluorinated and completely hydrogenated graphene,
namely fluorographene and graphane, is recognized [59]. Another study by Inagaki
et al. analyzed graphene derivatives by underlining various experimental results and
elucidated that hydrogenated, fluorinated, and oxidized graphenes are relied upon to
have fascinating properties, which are called graphane, fluorographene, and graphene
oxide as illustrated in Fig. 3 [60]. GO is an oxidized form of graphene and holds
outstanding properties, but it carries certain defects due to which it can be reduced
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Fig. 2 Schematic representation of different property enhancers utilized in geopolymer composites

through various reduction processes and reducing agents to obtain graphene-related
materials similar to that of pristine graphene [61]. Graphene and its derivatives (GO,
rGO) seize expanding consideration because of their remarkable physicochemical
properties, and when fused suitably, they can altogether enhance the physical prop-
erties of host polymers at very low loading [62]. Physiochemical properties of GO
and rGO mostly depend on their different functional groups such as epoxy, hydroxyl,
carbonyl, and carboxyl groups along with varying dispersion efficiencies. Graphene
derivatives demonstrate distinct effectiveness in enhancing the hydration degree and
mechanical behavior of geopolymer composite matrix [63]. A report by Saafi et al.
demonstrated that the incorporation of graphene derivatives like GO and rGO in
geopolymeric composites yields enhanced properties and reduces the overall porosity
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Fig. 3 Graphene and its derivatives [60]

of geopolymers [64]. Synthesis of GO and rGO plays a crucial role in determining
the properties of the incorporated geopolymeric composites. Various approaches
for synthesizing graphene and its derivatives along with polymer composite mate-
rials have been introduced in a study by Tang et al. [65]. The large-scale produc-
tion and industrial application of GO and rGO have been a major obstacle so far.
The primary challenges of industrial-scale GO and rGO production are basically
correlated with the hazards involving strong corrosive acids, reducing agents, and
explosive oxidants, but these hazards can be overcome with recent developing indus-
trial chemical processes, and further research while paving way for various GRGC
applications [66].

4.2 Preparation and Properties of GRGC

Preparation of GRGC includes certain steps and procedures, specifically the type of
reinforcing material, introduction to the composite, binders, and the curing condi-
tions which primarily decide its concluding properties. Figure 4 demonstrates the
prevailing procedure for the development of graphene—geopolymer composites. As
an alkaline solution in the fabrication of geopolymer composites, sodium silicate
(Na;Si03), sodium hydroxide (NaOH), and potassium hydroxide (KOH) have been
widely utilized. An experimental study by Ranjbar et al. reported the aftermath of
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Fig. 4 Graphical representation for the preparation of geopolymer reinforced geopolymer compos-
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adding graphene nanoplatelets (GNPs, 1 wt%, 1-7 pm) in fly ash-based geopolymer
composites without getting agglomerated. NaOH and Na, SiO3; were gradually added
to the geopolymer mixture along with GNPs and were dried at 65 °C in the oven for
24 h to obtain increased compressive (144%), flexural strength (216%), and nominal
flexural toughness (300%) [67]. Another author Saafi et al. introduced rGO sheets
(0.35 wt%) into geopolymeric composite cement by curing it at 60 °C for 24 h
which resulted in enhanced flexural strength (134%), Young’s modulus (376%),
and toughness (56%) of the composite. rGO sheets were obtained through chem-
ical reduction of pristine GO sheets (1.1 nm, 0.5-5 pm) by NaOH soln. and mild
sonication [64]. Further, Table 1 provides detailed mechanical improvement of GC
with the inclusion of graphene nanofillers. It can be observed that irrespective of the

Table 1 Property improvements of geopolymers due to graphene nanofiller inclusion

Binder Alkaline Graphene Compressive | Flexural Reference
activator Type | wt% s.trength strength
(improvement | (Improvement
%) %)
Fly ash (F) Na,SiOs3 + GNP |1 144 216 [67]
NaOH (16 M)
Metakaolin KOH + Silica | rGO 1 — 470 [72]
Soln
Metakaolin Na,SiO3 + — 3 287 — [71]
NaOH
GGBFS NaOH — 0.02 |31.10 96.20 [73]
GGBFS + SF | Na,SiO3; + rGO [0.04 |2938 26.5 [74]
+ EPS Beads | NaOH
PFA Na,SiO3 + GN 0.7 74.19 — [75]
KOH (10 M)
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binder type and alkali activators, considerable growth in the mechanical strength of
GC can be witnessed with very low doses of graphene additives. Graphene can be
homogeneously blended in the geopolymer composite owing to its lamellar structure
and exceptional physical properties. Further, the inclusion of graphene helps in the
formation of dense microstructures while reducing porosity and obstructing the orig-
ination of nanodimensional cracks. Moreover, the production of graphene-enhanced
geopolymer composites is a complex, time-consuming, and expensive process [68].
According to Yan et al., alkaline geopolymeric solution prepared by a mixture of
silica and KOH solution could be used partially for in situ reductions of GO to
rGO within a short period of time at ambient conditions. Later, the metakaolin gran-
ules were introduced to the rGO/geopolymeric composite slurry and dried at 60 °C
over 7 days, progressively increasing the composite’s fracture toughness and flexural
strength [69]. Furthermore, Yan et al. explored the influence of heat on the reduction
reaction of GO underneath the impact of an alkaline medium during the production
process of rGO/geopolymer composite materials. Homogeneously dispersed rGO
sheets were found to be well bonded with the geopolymer matrix, while the matrix
exhibited an amorphous structure. With increasing temperature, the reduction degree
of rGO grew concurrently with the C/O ratio, from 2.48 (GO) to 3.36 (rGO, 80 °C)
[70]. Most of the researchers focused on improving the mechanical properties of
the composites. Furthermore, Zhang et al. focused on improving the compressive
(46.9 MPa) and bending strength (6.7 MPa) of graphene—geopolymer composite
which used metakaolin as raw material and NaOH and Na,SiOj3 as alkali excitant.
Graphene dispersant of 99% purity was implemented into the composite through
injection mold curing at ambient temperature to ensure optimum results. It can be
noted that the strength of the composites and the amount of graphene additives are
directly proportional to each other but only to a certain extent [71]. Graphene deriva-
tives (GO, rGO, GNPs), according to several studies, have been shown to improve
many critical mechanical characteristics of geopolymer composites while assuring
optimal industrial waste use through geopolymerization.

4.3 Characterization

Wide commercial acceptance of graphene-based geopolymer composites requires
a simultaneous understanding of its microstructure through several characterization
techniques such as XRD, FTIR, SEM, and TEM. Therefore, in this section of the
present study, a comprehensive review of microstructure characterization of a few
prior studies conducted in the field of graphene-based geopolymer composites has
been discussed. Studies by Ranjbar et al. reported the XRD data models for FA, FA
geopolymer, and FA geopolymer containing graphene nanoplatelets (GNPs) 1% by
wt. [67] as shown in Fig. 5d. The data models indicate the presence of crystalline
phases of quartz, mullite, and albite within the FA geopolymer matrix. The addi-
tion of GNPs into the geopolymer matrix did not aid in the formation of any other
phases as confirmed by XRD analysis because of their low dosage as confirmed by
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certain studies [69, 70, 72, 76]. The authors also analyzed the FTIR spectra of normal
geopolymer and geopolymer composite reinforced with GNPs as shown in Fig. 5c
and observed that the major bands of both the samples are quite similar. The inten-
sity band at 445 cm~! was assigned to Si—O-Si bending vibration, while the band at
990 cm~! was identified due to Si—-O—Al asymmetric stretching vibration. Similarly,
the band near 780 cm™' is coupled with crystalline quartz. Figure 5d shows that the
band was allotted O-H bending at 1650 cm™". The bands positioned at 2920 cm~'and
2840 cm™~! respectively indicate asymmetric and symmetric stretching of methylene
groups (CHy). Further, Yat et al. studied the XRD data models of rGO/geopolymer
containing GO (1 wt%) which is decreased at 60 °C [70]. Similar data models were
observed for pure geopolymer and rGO/geopolymer composites exhibiting broad
elevated projections around 28° at 26 indicating that the presence of rGO does not
influence the resulting configuration of the GO/geopolymer composite. The pres-
ence of rGO could be detected through SEM observation as illustrated in Fig. 5a,
b. The availability of rGO sheets that were uniformly distributed throughout the
geopolymer matrix was discovered through the SEM images. XRD data models of
rGO/geopolymer composite with varied rGO substitution levels were examined in
another research by the same investigators [69], revealing a wide amorphous bump at
28° without any phase structural change of rGO/geopolymer samples. Several addi-
tional peaks, however, were detected and classified as quartz. XRD study did not
reveal any identifiable rGO spikes, but Raman spectroscopy provided compelling
evidence. TEM was used to analyze the specimens, and it was discovered that
there is a strong bonding phase between the crystalline rGO and the geopolymer
matrix, which contains fine microspheres. The XRD data models revealed typical
geopolymer wide humps about 17-32° at 26 as well as a minor a—quartz phase [76].
The FTIR spectra of reaction products of geopolymer with and without rGO were
also analyzed which were formed at different reaction times. The FTIR spectrum of
both specimens, with and without rGO, was found to be essentially unaltered. The
spectra at 463, 593, and 717 cm~' showed that the reaction products contained a
high number of Si—O-Si, Si—-O-Al, and AlO; structural units.

S Concluding Remarks

Since geopolymers incorporate most of the industrial and agricultural wastes as
binders or aggregates, it widens the scope of achieving sustainable development
goals in construction sectors. Almost every type of industrial waste can suitably
be induced into a geopolymer system depending upon its physicochemical prop-
erties. Several experimental studies have been discussed which shows the poten-
tial of GC in industrial waste management promoting a circular economy. Further-
more, researches have demonstrated the strength-enhancing properties of graphene
nanomaterials in geopolymer matrix composites, but even after the tremendously
promising outcomes acquired from numerous observations, to the best knowledge of
the authors’, a suitable number of studies are not being conducted to investigate the



A Review on Potential of Graphene Reinforced ... 55

)

Graphene reinforced
geopolymer composites
(GRGC)

K

P~ =N

Enhanced Compressive Enhanced Flexural Enhanced
strength strength Microstructure

e ol W o

Fig. 6 Graphene as property enhancer of geopolymer composites

(

mechanisms involved and suitability of graphene derivatives in various geopolymer
binder’s hydration systems.

The reinforcement of the geopolymer matrix through graphene provides an oppor-
tunity to replace conventional fiber/silica/graphite reinforcements while reducing
the utilization of scarce materials. Even if graphene variants have been demon-
strated to have a broad range of applications, real-life applications of the compos-
ites are impeded by the following: negative effects on the workability, high cost,
and understanding of interference factors in the matrix. Further, the involvement of
industrial wastes/by-products in the production of geopolymers develops improved
waste immobilization/utilization methods and facilitates the sustainable use of waste
products. Recent studies have uncovered several industrial by-products as potential
precursors for geopolymers which provide hope for further research.

This review paper highlights the role of graphene derivatives as a property
enhancer to geopolymer composites, as depicted in Fig. 6. Graphene indubitably is a
strength and property enhancer for a wide range of geopolymer composites regardless
of the configuration or form of graphene used. Based on the current review, it could
be stated that graphene reinforced geopolymer composites bear promising proper-
ties to be applied in different fields that will further increase the implementation and
acceptability of geopolymer composites.
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JNK Jun N-terminal Kinase

1 Introduction

1,2,4-Triazole-embedded heterocycles have acquired immense attention as effective
bioactive molecules because of their diverse range of pharmacological properties
associated to anti-inflammatory activity [1], antimicrobial activity [2, 3], antihyper-
tensive activity [4], anticancer activity [5-8], antiparasitic activity [9], CNS stimu-
lants sedatives [10, 11], antitubercular activity [12, 13], antiviral activity [14], antiox-
idant activity [15], thymidine phosphorylase inhibitory activity [16], antimalarial
activity [17-19], antimycotic activities [20] and diuretic activities [21]. The 1,2,4-
triazole molecular architecture are ubiquitous in valuable pharmaceuticals, including
triazolam, maraviroc, alprazolam, deferasirox and etizolam sitagliptin. Triazolam is
referred for the treatment of insomnia under the brand name Halcion. Alprazolam
(Xanax) is utilized towards the cure of panic disorders, anxiety disorders and anxiety
which are associated with depression. Etizolam (Etizola) is indicated as hypnotic
and anxiolytic agents (Fig. 1) [22-24].

2 1,2,4-Triazoles and Their Pharmaceutical Drugs

The thione- and mercapto-embedded compounds of 1,2,4-triazoles are also attributed
to a variety of biological activities like antimicrobial, antibacterial, antidepressant
and antifungal activities [25] (Figs. 2, 3 and 4).

Antibacterial
@ fr Al e

Antinflammatory <j I:> Anticonvalsant
ZLIES
1,2,4-Triazole
Moiety

Fig. 1 Role of 1,2,4-triazole in the field of medicinal chemistry [1-4]
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Fig. 2 Important pharmaceuticals possessing 1,2,4-triazole scaffold [5-10]
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Fig. 3 Biologically important 1,2,4-triazole-3-thione derivatives [11-19]

3 Biological Importance of 1,2,4-Triazole Derivatives

1,2,4-Triazole compounds are known as the key heterocyclic ring ubiquitous in
various biologically active agents. They reveal a spectrum of biological activities like
antibacterial, antiviral, antifungal, antitubercular, analgesic, anti-inflammatory, anti-
cancer, anticonvulsant, anxiolytic, antioxidant activities and other biological proper-
ties [26, 27]. The significance of the imidazole scaffolds as a pharmaceutically active
molecular architecture, resulted to the induced attention on the triazole core structure
as it performs as the bioisostere for the imidazole ring [28]. The targeting affinity
of the azole containing antifungals to the lanosterol 14a-demethylase hinges upon
both the fixation of the nitrogen atom of azole moiety to the haem iron in the active
site (N-3 of imidazole or N-4 of triazole) and N-1 substituent for the apoprotein unit
of the enzyme. The N-1 unit resides on the azole moiety enhances or diminishes the
antifungal properties. The occurrences of benzimidazole or 1,2,4-triazole exhibits
maximum attraction towards the enzymes [29]. The antifungal property of triazole
scaffolds is related to the activity of fluconazole, and some of the molecules displayed
greater activity [30].

The structure—activity relationship (SAR) of 1,2,4-triazoles having antitubercu-
losis activity reveals that electronegative atom on phenyl of benzyl ring in benzoim-
idazole has significant effect on antimicrobial activity (Fig. 5). Many of the newly
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Fig. 4 Commercial drug molecules embedded with 1,2,4-triazole scaffold [4—19]

synthesized derivatives are compared with the rifampicin. It was found that these
newly synthesized exhibits an enhanced or similar activity with the rifampicin. The
MIC value of the drug molecule was realized to be within the range of 12.5-3.12
ug/ml. It has been also revealed that the functionalized triazole molecules illus-
trate the inhibition of M. tuberculosis H37Rv within the range of 94-98% at the
concentration range of 6.25-3.125 pwg/ml. Moreover, chloro- and fluoro-substitution
on benzene ring have shown excellent antimicrobial activity (>96% inhibition on
6.25 g mL~") on H37Rv strain of M. tuberculosis. The secondary antituberculosis
screening (MABA assay) reveals that electron withdrawing substituents have much
higher efficacy over electron donating motif in MIC value [31].

Several functionalized 1,2,4-triazoles displayed favourable anti-inflammatory
properties when compared with the performance of phenylbutazone at a dose of
100 mg/kg body weight. These molecules have also witnessed with moderate anal-
gene properties, when compared to aspirin. The compelling anti-inflammatory func-
tions were exhibited in the presence of chloro-group in one of the phenyl rings at 4th
position and in the presence of allyl or propyl group in the 5th position [28]. Tria-
zoles embedded with perimidine derivatives were examined for the anti-inflammatory
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Fig. 5 Structure—activity relationship (SAR) of 1,2,4-triazole compounds in antituberculosis
activity

activities which resulted in more potent molecules than ibuprofen. The inhibition
rate was noticed with 49.26% at a dose of 50 mg/kg, whereas the inhibition rate
of ibuprofen was realized to be 28.13%, when studied in the xylene-induced ear
inflammation model. These molecules are familiar to function as COX-II inhibitors
[31].

Antineoplastic appearance of the triazole derivatives hinges upon the affinity to
the biotargets, such as tumour necrosis factor TNFa, JNK-stimulatingphosphatase-
1(JSP-1), integrin avb3 receptor, anti-apoptic biocomplex Bcl-XL-BH3, etc. The
triazole core structures amalgamated with other heterocycles provide new phar-
macological profiles, either by enhancing their ability of performance or reducing
of toxicity. The imidazole molecules possess cytotoxic actions on the DNA struc-
ture of breast cancer cell. Few compounds encountered with cytotoxicity and the
activity rely upon the functionalization pattern of the side chains at C-2 position and
4-triflouromethylanilino group at C-7 position [32].

Additionally, the triazole derivatives have found to be suitable for pursuing their
antiviral activities. Ribavirin is proven as a remarkable antiviral drug. Substitution of
amide group by alkynyl group within the structure of ribavirin led to the formation
of nucleoside triazole, which is more efficient as antiviral compound. It has been
observed that the alteration of substitution on the triazole moiety was very effective
when compared with reference drug like azidothymidine. These molecules are found
potent towards inhibition of the HIV-1 reverse transcriptase catalytic activity with
higher cytotoxicity and greater selectivity index than zalcitabine and didanosine.
Moreover, it was investigated that when the triazole ring was replaced with the other
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heterocyclic ring, it led towards reduced protease inhibition which acknowledge the
significance of triazole ring against the antiviral activities [4].

The importance of FDA-approved 1,2,4-triazole containing drug molecules is
represented in this section (Table 1) [26-32].

4 Mechanism of Action of 1,2,4-Triazole Drug Derivatives

4.1 Antifungal Agents

1,2,4-trazoles, commonly known as azoles, are well-known heteroaromatic
compounds used as an antifungal agent. Among the numerous azole derivatives,
fluconazole [33], terconazole [34], dapiprazole, voriconazole [34], posaconazole
[34], eficonazole [34], itraconazole [34], isavuconazole [34], isavuconazolium [34],
etc. are widely used in medical practices worldwide. Interestingly, the antifungal
azole family congeners are working through the common action of mechanism,
impairment of ergosterol synthesis in fungal cell membrane of the fungi. Ergos-
terol, a member of sterol family, is an important component of cell membrane of
fungi which mainly resides on the surface of cell membrane to provide adequate
fluidity to the membrane similar to the cholesterol for mammalian cells. Ergosterol
biosynthesis from intermediate lanosterol is one of the utmost essential event for the
fungal replication and survival. Without adequate production of ergosterol, fungal
membrane becomes permeable and subsequently start leaking of intracellular compo-
nents essential for survival. Lanosterol-14-a-demethylase, also known as fungal
cytochrome P450, is the key enzyme responsible for biotransformation of lanos-
terol to ergosterol in fungus and thus becomes pivotal drug target against the fungal
infection. Inhibition of P450 could disrupt the ergosterol biosynthesis in fungus
and eventually destroy the membrane rigidity of the fungal colony. Azoles eventu-
ally found worthy small molecule inhibitor against fungal P450, which efficiently
inhibits oxidative demethylation possesses of lanosterol and ultimately interrupt the
membrane stability of fungus (Fig. 6).

Azoles are known for the cure of candidiasis and to manage the oropharyngeal
or esophageal candidiasis and vaginal candidiasis. It is also employed for the medi-
cation of cryptococcosis in AIDS and cryptococcal meningitis. There are multiple
adverse actions associated with this medication hepatotoxicity, abdominal pain, flat-
ulence, vomiting, nausea and diarrhoea. The metabolism of fluconazole is observed
via glucuronide conjugation [25].



Overview on Medicinal Impacts of 1,2,4-Triazole Derivatives

67

Table 1 1,2,4-Triazole containing drugs and their mode of action [26—32]

Structure of the drug name of the drug
(Drug bank ID)

Category/indication

Mechanism of action

-N
43

Fluconazole
DB00196

Referred for the medication
of the fungal infections

This acts as a selective
inhibitor of enzyme
lanosterol
14-a-demethylase which
is fungal cytochrome
P450 dependent

Terconazole
DB00196

Terconazole is
recommended for the cure
of candidiasis (which is a
yeast-like fungal infection)
of the vulva and vagina

Terconazole is employed
for the antifungal
performances by agitating
the permeability of
membranes of normal
fungal cell

q?‘”“
!

Dapiprazole
DB00298

Dapiprazole is normally
utilized for the medication
of iatrogenically inspired
mydriasis generated by
parasympatholytic
(tropicamide) and
adrenergic (phenylephrine)
agents employed in specific
eye examinations

Dapiprazole functions via
the hindering the
alphal-adrenergic
receptors in smooth
muscle

G

Alprazolam
DB00404

Alprazolam is employed for
the control of anxiety
associated with depression,
anxiety disorder, panic
disorder with agoraphobia
and panic disorder.
Alprazolam may also be
indicated for premenstrual
syndrome, insomnia and
depression

Alprazolam functions on
benzodiazepine receptors
BNZ-1 and BNZ-2

N

F. /’\\P
HsC—({ OH
E

N
&)

Voriconazole
DB00582

Voriconazole indicated for
the medication of invasive
pulmonary aspergillosis,
esophageal candidiasis and
serious fungal infections
induced by Fusarium spp
and Scedosporium
apiospermum

Voriconazole associates
and prohibits ergosterol
synthesis by hindering
CYP450-governed
14-alpha sterol
demethylase. The
blockage of 14-alpha
sterol demethylase led to
the damage of ergosterol
in fungal cell membrane

(continued)
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Structure of the drug name of the drug
(Drug bank ID)

Category/indication

Mechanism of action

Qu

.o S
Ciee”
Trazodone
DB00656

Trazodone is used for the
cure of major depressive
disorder (MDD)0.21 It has
been employed off-label to
treat anxiety and insomnia,
and off-label for adjunct
therapy in alcohol
dependence.21 This is also
recommended for off-label
for the recovery of
symptoms of Alzheimer’s
disease, dementia,
schizophrenia, fibromyalgia
and eating disorders, which
is because of its assistance
on numerous
neurotransmitter receptors

Trazodone is accepted to
hinder the reuptake of
serotonin and block both
alpha-1-adrenergic and
histamine receptors

O
o{f ©\F

CF3

Aprepitant is utilized for the
obstruction of vomiting and
nausea affiliated to highly
emetogenic cancer
chemotherapy, including
high-dose cisplatin

Human PET and animal
experiments with
aprepitant have resulted
that it crosses the blood
brain barrier and occupies
brain NK1 receptors

Aprepitant
DB00673
CONH, Ribavirin employed for the | Ribavirin results in the
medication of chronic obstruction of viral RNA
'\llL N Hepatitis C virus (HCV) and protein synthesis.
N infection in association with | Blockage of host inosine
Ho /~0 other antiviral agents which | monophosphate
—?'q,/OH desire to cure the endorsed | dehydrogenase (IMPDH)
H virologic response and consequent damage
Ribavirin of GTP pool is
DB00811 recommended to be
another mode of action
for ribavirin
al Triazolam is employed for | Benzodiazepines

Hsc/'*N’

Triazolam
DB00897

the interim medication of
insomnia

associate unselectively to
benzodiazepine receptors
BNZ1, which intervene
sleep, and BNZ2 induces
muscle relaxation, motor
coordination,
anticonvulsant activity
and memory

(continued)
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Structure of the drug name of the drug
(Drug bank ID)

Category/indication

Mechanism of action

M _cH
=3

Van\
=N

zZ
F

Rizatriptan
DB00953

Rizatriptan recommended
for cure of acute migraine
attacks with or without aura

There are three noticeable
biological conducts have
been associated in the
antimigraine response of
the triptans: (1)
expedition of presynaptic
5-HT1D receptors, which
deals to hinder both
inflammation and dural
vasodilation; (2) direct
prohibition of trigeminal
nuclei cell excitability via
5-HT1B/1D receptor
agonism in the brainstem
and (3) vasoconstriction
of dural, meningeal,
cerebral, or pial vessels as
an outcome of vascular
5-HT1B receptor agonism

CN

<

N
Letrozole
DB01006

Letrozole is recommended
for the prolonged adjuvant
medication of early breast
cancer in postmenopausal
women gone through 5 years
of adjuvant tamoxifen
therapy

Letrozole is familiar as a
nonsteroidal competing
preventer of the
aromatase enzyme
system; this hinders the
transformation of
androgens to oestrogens

QL
cl QR/\CHS
OO~

Nefazodone
DB01149

Nefazodone is utilized for
the medication of depression

Within the serotonergic
system, nefazodone
performs as
fluoxetine-type
antidepressants,
antagonist at type 2
serotonin (5-HT?2)
post-synaptic receptors
and, prohibits presynaptic
serotonin (5-HT) reuptake

Itraconazole
DB01167

Itraconazole is employed for
the medication of the fungal
infections in
non-immuno-compromised
and immuno-compromised
patients. The types of fungal
infections are
extrapulmonary, pulmonary,
aspergillosis,
histoplasmosis,
blastomycosis and
onychomycosis

Itraconazole cooperates
with 14-o demethylase, a
cytochrome P-450
enzyme requires
transforming lanosterol to
ergosterol

(continued)
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Structure of the drug name of the drug
(Drug bank ID)

Category/indication

Mechanism of action

Estazolam is utilized for the
interim control of insomnia
identified by severely
frequent nocturnal
awakenings, in falling asleep
and/or early morning

Benzodiazepines
affiliated non-selectively
to benzodiazepine
receptors. This induces
anticonvulsant activity,
muscle relaxation and

Estazolam i i 1
P awakenings motor coordination
N Anastrozole is employed for | Anastrozole exercises the
'\I“ ) the medication of hormone | anti-estrogenic activities

Hsci/éTCHa
Ne L, N

Anastrozole
DB01217

receptor-positive early
breast cancer in women with
postmenopausal. This is also
used as a first-line
medication for hormone
receptor-positive metastatic
breast cancer and locally
advanced for women with
postmenopausal

via specific and
competitive prohibition of
the aromatase enzyme
realized broadly in the
liver, adrenal glands and
fatty tissues

/@/\/\[N\);&

Sitagliptin is recommended
for the control of glycemic
regulation in type 2 diabetes
mellitus along with exercise
and diet

Suppression of DPP-4 by
sitagliptin reduces
DPP-4-assisted incretins
inactivation like GLP-1
and GIP. Labe 1,2

2
Incretins are liberated
Sitagliptin during the day and
DB01261 .
up-regulated in response
to meals as part of
glucose homeostasis
COOH Deferasirox is recommended | One atom of iron can be

H 7
Z

N
HO.

Deferasirox
DB01609

for the management of
excessive chronic iron,
which is because of
transfusions of blood
(transfusional
hemosiderosis) in the
patients of 2 years of age
and older

accommodated by two
molecules of Deferasirox.
Deferasirox also
functions for treatment of
iron toxicity by
associating trivalent iron,
which delivers a stable
complex that discharged
via the kidneys

N

k(n
7 \=0
HN-

Po,H,

CF;
F30/©KCH3
O

Fosaprepitant
DB06717

Fosaprepitant is used for the
suppression of vomiting and
nausea related with highly
emetogenic cancer
chemotherapy

In animal models to
hinder emesis assisted by
cytotoxic
chemotherapeutic agents,
such as cisplatin, via
central actions

(continued)
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Structure of the drug name of the drug
(Drug bank ID)

Category/indication

Mechanism of action

CF3

EI

HyC’ ‘%

Doravirine
DB12301

Doravirine is employed in
addition with other
antiretroviral agents for the
cure of HIV-1 infection in
adult patients associated
with no prior antiretroviral
treatment history

Doravirine is familiar as
pyridinone
non-nucleoside reverse
transcriptase suppressor
of HIV-1

NH
©)\/\,\@\ CHs
2 N/QN
HyC /=N
Maraviroc Hs

DB04835

Maraviroc is well-known for
the medication of adult
patients infected with only
CCRS5-tropic HIV-1, with
indication of viral
replication and HIV-1

strains resistant to multiple
antiretroviral agents

Maraviroc is an entry
inhibitor and functions by
hindering HIV from
penetrating human cells.
Specifically maraviroc is
a slowly reversible and
specific small molecule
antagonist of the
cooperation between
HIV-1 gp120 and human
CCRS

Posaconazole
DB01263

Posaconazole is represented
for prophylaxis of invasive
Candida and Aspergillus
infections in patients

Posaconazole operates the
antifungal activity
through hindering sterol
14a-demethylase and the
cytochrome
P-450-dependent enzyme
in fungi by associating to
the haem cofactor located
on the enzyme. This leads
to the obstruction of the
synthesis of ergosterol, a
key ingredient of the
fungal cell membrane,
and accession of
methylated sterol
precursors. This
concludes in blockage of
fungal cell growth and
finally led to the cell death

NC

Hy
Isavucon-azole
DB11633

Isavuconazole is utilized for
the patients of 18 years of
age and older for the cure of
invasive aspergillosis,
invasive mucormycosis
including patients gone
through inappropriate
medication of amphotericin
B

Isavuconazole represents
fungicidal performances
by agitating the
biosynthesis of ergosterol

(continued)
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Structure of the drug name of the drug
(Drug bank ID)

Category/indication

Mechanism of action

CF,

Z:_%
'QiNN ~
168

Lorpiprazole
DB09195

Lorpiprazole is noticeable as
an antipsychotic remedy
which is employed to treat
hallucination, a state of
delusion, paranoia or
disordered thoughts. On the
other hand, an anxiolytic is a
medication applied for the
cure of severe, debilitating,
or chronic anxiety

Lorpiprazole is
recognized as a serotonin
antagonist and reuptake
suppressor. Hence, action
is conducted by
antagonizing the 5-HT2C
and 5-HT2A
serotoninergic receptors.
These actions may also be
performed by H1
histaminergic receptors,
alphal and alpha2
adrenergic receptors, and
at high doses, hindering
the SERT serotonin
transporter

N

HsC

L 4
N <
Hzc):) /52:

Efinaconazole

Efinaconazole is familiar for
the cure of fungal infection
of the nail, known as
onychomycosis

Efinaconazole is an
azole-based antifungal
drug. Efinaconazole
hinders fungal lanosterol
14a-demethylase
associated in the
biosynthesis of ergosterol,

DB09040 which is a constituent of
fungal cell membranes
NN Lesinurad usually utilized in | Lesinurad suppresses the
B /QN g ~cooH comblnatlon with a xanthine perfo#man.ces of apd
oxidase blocker, for the organic anion carrier 4
CO remedy of hyperuricemia (OAT4) and uric acid
related to in patients who carrier 1 (URAT1).
have not realized target URAT1 is a major carrier
Sinurad serum uric e}cid le.vel:s With a | enzyme accou.ntablie fF)r
DB11560 xanthine oxidase inhibitor reuptake of uric acid from

alone

the renal tubules.
Inhibition of URAT1
operation thereby induces
excretion of uric acid

7\
H;C K = (O}‘\‘
3 }.

tH, Ha(f\H

ry® o

NG N\z/'\_)
Oy i
I
Isavucon-Azonium
DB06636

Isavuconazonium is
employed for the medication
of invasive mucormycosis
and invasive aspergillosis

Isavuconazonium target
and hinder the sterol
14-a-demethylase
(Ergllp), which is an
important player in the
demethylation process of
the biosynthetic pathways
of ergosterol

(continued)
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Structure of the drug name of the drug
(Drug bank ID)

Category/indication

Mechanism of action
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Talazoparib
DB11760

Talazoparib is employed for
the cure of HER?2 negative
metastatic or locally
advanced breast cancer in
adults

Talazoparib associated
with and hinders PARP1
and PARP?2 at the NAD+
binding site which leads a
Ki of 1.2 and 0.87 nM,
respectively 1. The
inhibitory actions on PAR
synthesis refers to an
EC50 of 2.51 nM

S
N
N @

FiC CF3

Selinexor
DB11942

Selinexor is recognized for
the medications of refractory
or relapsed multiple
myeloma in addition with
dexamethasone

Selinexor targets to and
suppresses exportin-1
(XPO1)

Inhibition of ergosterol synthesis
disrupts membrane function and
increase permiability

s
qQ

Fluconazole (DB00196)

Terconazole (DB00196)

Itraconazole (DB01167)

Voriconazole (DB00582)
Itraconazole (DB01167)

Posaconazole (DB01263)
Isavuconazole (DB11633)

Isavuconazonim (DB06636)

Ergosterol

Fig. 6 Mechanism of action of azoles against fungal infection

Potential inhibitors of P 450

enzyme reponsible for
Lanosterol
to Ergosterol biogenesis
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4.2 Psychoactive Agents

Alprazolam (trade name Xanax) and triazolam (trade name Halcion) are familiar
psychoactive drugs used as a tranquilizer [35]. Both of them are categorized as a
member of classical benzodiazepine (BZD) congener family, where 1,2,4-traiazole
and benzodiazepine ring are fused together. The antidepressant activity of alprazolam
and triazolam is originated from their positive allosteric modulation on the y-amino
butyric acid (GABA)-A receptor (GABA-A receptor is a synaptic Cl-ion channel,
modulated by various ligands) [36].

GABA-A receptor, a trans-membrane glycoprotein, composed of 5 subunits:
two a-subunits, two B-subunits and one y-subunit (Fig. 7). The benzodiazepine-
specific binding site is located in the intersection of a- and y-subunit. The histidine
residues (H101, H126 and H105) of a-subunit is responsible to bind benzodiazepine
(BZD) congeners such as alprazolam and triazolam. The binding of BZD to the
specific receptor imparts conformational alteration in GABA binding site and results
allosteric inhibition of GABA-mediated synaptic responses.

Selected Benzodiazepines

Cl =N :
Cl" ions E =N \d\ E
2 Uy M
R T
GABA BZs=>!  Alprazolam Triazolam |
: DB00404 DB00897 |
<_| oy B D R '
B/ () i
T | e llull||||||||||||||||||"||
UL LERNIRREIn l
V Increased CI" influx
l Hypolarization of neurons
Qo
00 ~<------ ] _
CI ions Reduced number of action potentials

Fig. 7 Mechanism of action of alprazolam and triazolam against synaptic dysfunction
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4.3 Antidiabetic Agent

Diabetes mellitus (DM), commonly known as diabetes, is a metabolic disorder which
increases the level of sugar in the blood. Insulin is an anabolic hormone, a key peptide
hormone which control the sugar level in the blood. Generally, pancreatic beta cells
are activated and produce adequate amount of insulin after consumption of food.
Insulin regulates the metabolism of carbohydrate by increasing absorption of glucose
from the blood to the liver, fat and skeletal muscle cells. The glucose level in the blood
is disrupted either when the lowered amount of insulin is secreted from beta cell or
insulin becomes inactive and consequently sets up DM. Glucagon, another class of
peptide hormone, secreted from pancreatic alpha cells, is the hormone responsible
for the enhancing level of sugar in the bloodstream. Over-production of glucagon
could increase the blood sugar level and sets up DM. Thus, the homeostasis of blood
sugar is precisely balanced by insulin and glucagon activity.

Glucose-dependent insulinotropic polypeptide (GIP) and glucagon-like peptide
(GLP-1) are two main incretin hormones, regulating the secretion of insulin and
glucagon production from pancreas [37]. Thus, GIP and GLP-1 activity plays a
crucial role on set of DM. Interestingly, the effect of GIP and GLP-1 on the produc-
tion of glucagon and insulin is precisely regulated by a cell surface glycoprotein
dipeptidyl peptidase-4 (DPP-4 or CD26). The proteolytic activity of DPP-4 readily
inactivates GLP-1 and consequently reduce the production of insulin. Eventually,
DPP-4 becomes an interesting drug target to control blood sugar level.

Sitagliptin, piperazine fused 1,2,4-triazole congener, produces adequate inhibition
of DPP-4 and becomes very successful drug against DM (Fig. 8). For individual, a
significant glycaemic control was observed either by monotherapy of sitagliptin or
fixed dose combination with metformin. Although sitagliptin has shown excellent
efficacy in control of blood sugar level, the main concern is off target effect of
sitagliptin on prolong. Dipeptidyl peptidases include a large number of enzymes in
which DPP-4, -8 and -9 are very similar in their structure. Thus, a severe side effects

Food

ingestion Glucose dependent
ﬁ insulin
O (GLP-1 & GIP)
Beta cells
Release of active
incretins
(GLP-1 & GIP) Glucose uptake by
_ Peripherial tissue
Pancreas Blood Glucoseﬁ
Glucose dependent
Gl-track <} glucagon P
(GLP-1) (OB
= P I 2
Sitagliptin — [2lZ2) Al zells ;

(DPP-4 inhibitor)
Glucose production

Inactivation of by Liver
GLP-1 & GIP

Fig. 8 Mechanism of action of sitagliptin in DPP-4 inhibition and glycemic control
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could be originated by off target binding to DPP-8 and -9 by sitagliptin on prolong
use.

4.4 Antiviral Agent

Maraviroc, 1,2,4-triazole attached spirodiketopiperazine compound, is a the first
licenced CCRS5 antagonist (a chemokine receptor) for HIV-1 patients [38]. CCRS, a
G-protein couple receptor (seven membered GPCR), is responsible for cell trafficking
in T-lymphocytes, macrophages and immature dendritic cells. CCRS along with CD4
receptor is the main membrane protein which allow HIV-1 to fuse with host cell.
During host cellular invasion of HIV-1, extracellular loop of CCRS interacts with V3
protein on virous tip. Small molecule maraviroc selectively binds to the hydrophobic
pocket of host CCRS protein and inhibits the communication with virous envelope
protein (Fig. 9).

The detail binding mode of maraviroc and engineered human CCRS was eluci-
dated through X-ray crystallography in the range of 2.7 A resolution [39]. In deep
analysis reveals that the binding site of maraviroc is distinct from either chemokine
binding site or gp120 receptor of HIV-1. This observation concludes that maraviroc
has shown anti-HIV activity through allosteric inhibition of CCRS. Through crys-
tallographic analysis, it is also revealed that 1,2,4-triazole motif of maraviroc plays
a pivotal role CCRS binding; nitrogen atom at position 1 in 1,2,4-triazole make a
H-bond with Tyr-37 and the same nitrogen also bond with Tyr-89 through H-bond
via water molecule. Among the five crucial H-bond interaction among maraviroc
with CCRS, two of them are attached with triazole ring (Fig. 10).

5 Summary/Conclusion

1,2,4-tiazole and its derivatives have an ample position in the modern chemical
community and drug discovery. Among the family of N-heterocycles, 1,2,4-tiazole
derivatives exhibit diverse biological properties such as anticancer, hypotensive, anti-
histaminic, antimicrobial, anti-allergic, antiviral, cytostatic and are generally used
in clinical practice. The pioneering of the 1,2,4-tiazole moiety into scaffolds of an
organic substrate quite often accompany an improvement in the efficiency as well
as an increased prolongation of drug action. However, last few years have witnessed
a considerable expansion in the number of patents and publications on new drugs
as well as 1,2,4-tiazole containing biologically and FDA approved pharmaceutically
active scaffolds. The unique features of 1,2,4-tiazole such as different biological
activity and applications are discussed in this chapter. Considering the rapid progress
in the field and potential of these moieties towards novel drug candidates, it may be
expected on appearance of 1,2,4-triazole scaffolds as potent drug molecules to cure
a number of life-threatening diseases.
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U.S. FDA United State Food and Drug Administration
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1 Introduction

The heterocyclic molecules are a remarkable class of scaffolds, and these molecules
have been treated with customized attention for a broad spectrum of biological and
pharmacological studies [1]. Among these molecules, benzisoxazole and their deriva-
tives signify among the beneficial scaffold in medicinal chemistry, and in recent years,
there have been enormous number of reports witnessed on benzisoxazole-embedded
compounds. The exceptional properties of benzisoxazole molecule also reveal an
outstanding efficacy as anticancer, antimicrobial, anti-glycation, anti-inflammatory,
antipsychotic agents and anti-tubercular. Few scaffolds consist of benzisoxazole-
accommodating drug molecules which are represented below (Fig. 1). The 1,2-
benzisoxazole-embedded drug molecules such as risperidone and zonisamide are
exhibited as anticonvulsant actions [2]. It has been described that the variants with
fluorine functionalization lead to realize a severe effect on drug capacity, related
to clearance of drug, distribution of drug and intensity of drug metabolism. These
scaffolds and their analogues are extended for the utilization towards fabrication of a
spectrum of functional materials in synthetic chemistry and also widely witnessed in
diverse valuable drug molecules. In this context, researchers working in the fields of
medicinal chemistry need to pay more attention in exploring the wide spectrum appli-
cations of these motifs. In addition, it is worthwhile examining the various synthetic
approaches towards benzisoxazole analogues and their potential challenges.

The anthranilic acid derivatives are the precursors for the biosynthesis of
benzisoxazole motifs which are in turn accessed from chorismic acid (Scheme 1).

These benzisoxazole derivatives are dismantled into their primary components
during the process of drug action in presence of enzymes. For example, zonisamide
on reaction with NADPH and proton in presence of cytochrome P450 gets reduced
to 2-sulfamoylacetylphenol and ammonia (Scheme 2).

Properties of FDA-approved benzisoxazole-containing drug molecules are
described below (Table 1).

1.1 Synthesis of Benzisoxazole-Containing Drug Molecules

The FDA-approved drug risperidone can be synthesized from the precursor 1 by
following series of chemical transformations. The reaction 1 with con. HCI under
reflux conditions gives acetyl deprotected product 2, which on condensation with 3
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Fig. 1 Benzisoxazole analogues with biological potential [5-9]
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Scheme 1 Biosynthesis of anthranilic acid [3]

and subsequent reduction with sodium cyanoborohydride produces 4. The conden-
sation of hydroxyl amine 5 with 4 results in an imine 6 which on intramolecular
cyclization in presence of base delivers the desired product risperidone (Scheme 3).
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Scheme 2 Enzymatic reduction of zonisamide [4]

Similarly, iloperidone can be synthesized from isonipecotic acid (7) through a
wide range of chemical transformations. The compound 7 on reaction acetic anhy-
dride and DMF yields the compound 8, which on reaction of 3,5-difluorobenzene
(9) in AICl; gives compound 10. The reaction of 10 in presence of hydroxylamine 5
followed by deformylation reaction results in compound 11. The successive nucle-
ophilic substitution reactions of 11 with 12 and 14 delivers the desired product
iloperidone (Scheme 4).

2 Antimicrobial Activity of Benzisoxazole Derivatives

Fungal, bacterial and microbial infections allege a noticeable health hazard to the
human life and society. The investigation of novel and active drugs remains still an
alert to expand the assets of accessible antimicrobial and antibacterial drugs. Here
in this section, modern advancements in the development of benzisoxazoles-based
pharmacologically active antimicrobial compounds are highlighted (Fig. 2). The
compounds A and K are screened for their inhibitory performances on the progress
of fungi and pathogenic bacteria, and they displayed enhanced auspicious activities.
To examine the structure—activity relationship (SAR), the inclusion of S in place of O
in the urea has resulted to boost the results. The existence of electron retreating func-
tional groups, mainly F, is investigated to be crucial for strong performances associ-
ated to electron-donating substituent [12]. In addition, elastin/amino acid-embedded
peptides consolidated to a benzisoxazole moieties have been examined for antimi-
crobial activities. The associated compound B divulged that conjugation indulges a
prominent function in hindering the advancement of microorganisms and displaying
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Table 1 FDA-approved benzisoxazole-containing drug molecules
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Drug name (drug bank | Structure of drug Category/Indication Mechanism of action
D)
Risperidone Referred for the Prevents the receptors
(DB00734) medication of acute of 5-HTsa
manic or mixed events | serotonergic and
affiliated with bipolar | receptors of Dy
I disorder, dopaminergic in the
schizophrenia and brain
irritability correlated
with autistic disorder
Zonisamide Recommended for the | Suppress the uptake of
(DB00909) adjunctive therapy in | the GABA an
adult patients inhibitory
suffering from neurotransmitter,
partial-onset seizures | whereas accelerating
and sulfonamide the uptake of
anticonvulsant glutamate an
excitatory
neurotransmitter
Paliperidone Paliperidone is Assisted through a
(DB01267) employed for the composition of type 2
N medication of serotonin (5-HT24)
schizophrenia receptor antagonism
and type 2 central
dopamine (D3)
Tloperidone . Iloperidone is Antagonist of type 2
(DB04946) ? employed of acute dopamine (D7) and
\\2 schizophrenia 5-HT»4 receptor, and
) performs as a
e neuroleptic agent
F Con. HCl F NaBH;CN
O\(@/ _reflux O\N/@’ __MeOH _ \N)\:/\
NH;OH-HCI
O KOH. Hi0
D‘J’ndlne 7‘/\(/\ Q\(@’
MeOH

Scheme 3 Synthesis of risperidone [10]
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Fig. 2 Benzisoxazole-embedded molecules related to antimicrobial activities
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remarkable antimicrobial performances compared to the standard antibiotics [13,
14]. In continuation, the compound C has not been capable of cross-resistant with
other DNA gyrase preventers such as fluoroquinolone and aminocoumarin antibac-
terials as well as showed extensive potential for the action of infections resulted by
bacteria of multi-drug resistant, along with Staphylococcus aureus [15]. Moreover,
the derivatives D, E, F and G displayed exceptional activities in comparison with
Escherichia coli, albeit the parameters were not satisfactorily low to visualize effica-
cies against the pathogen at legitimate doses and also compound D was recognized
for improvement towards clinical trials in human for the medication of uncomplicated
gonorrhoea [16]. Furthermore, the compounds H, I, J and L have revealed suitable
activities against E. coli-ATCC 35218 and Bacillus subtilis-ATCC 6633. Addition-
ally, the compound L has displayed excellent performances against diverse bacterial
strains. Nevertheless, the derivatives H and I were extremely effective against E.
coli-ATCC 35218, in comparison with ampicillin which is referred as the standard
drug. The structure—activity relationships (SAR) revealed that the occurrence of
electron-withdrawing functionalities such as bromo and chloro exhibited admirable
antimicrobial activities compared to the electron-donating substituents [17].

3 Anticonvulsant Activity of Benzisoxazole Derivatives

Epilepsy is examined towards the unusual and exaggerated release of neurons which
is responsible for the interruptions or loss of consciousness with or without attributed
physical activities. Seizures can be regulated only for less than 70% of patients
using the commercially available anticonvulsant drugs. Incapability of drugs and
their unexpected side effects such as headache, ataxia and anaemia urge the essence
for search towards the novel antiepileptic agents having lower toxicity and more
selectivity in medicinal chemistry perspective. In the research area of anticonvulsant
agents, numerous derivatives are established with benzisoxazole molecules which
are described here.

In past, the screening of anticonvulsant actions was realized using subcutaneous
pentylenetetrazole (scPTZ) tests and maximal electroshock (MES) after intraperi-
toneal (IP) injection into mice. These are investigated as the maximum widely
described and utilized models for early representation of anticonvulsant affiliated
candidates. Their noteworthy neurological toxicity (NT) was persistent to employ in
the rotarod test. The numerical assessment after oral administration in rats exhibited
that the derivative M was most effective [18]. Additionally, the molecule N was
found to be competent in the scPTZ test. However, the derivative O was recognized
to be the most propitious anticonvulsant agent (Fig. 3) [19].
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Fig. 3 Benzisoxazoles-related anticonvulsant agents

4 Anti-tubercular Activity of Benzisoxazole Derivatives

Currently, the prevalence of infections associated with Mycobacterium tubercu-
losis is flourishing rapidly because of the HIV/AIDS pandemic. Thus, the ineffi-
cacy of the anti-tubercular drug molecules and display of multi-drug-resistant to
numerous strains of M. tuberculosis are the prime challenges. Among the anti-
tubercular agents, some benzisoxazole-embedded derivatives exhibited excellent
anti-tubercular activities. (Fig. 4) [15].

A broad range of benzisoxazole derivatives screened for their anti-tubercular
performances against the M. tuberculosis H37Rv strain. Derivatives such as P, Q
and R displayed excellent anti-tubercular actions [20]. Nevertheless, the derivatives
such as S, T and V examined for their anti-tubercular performances against the M.
tuberculosis (MTB) H37Rv strain. In addition, the molecules revealed minimum
inhibitory concentrations (MIC) and appeared with extracurricular anti-tubercular
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Fig. 4 Benzisoxazoles-related anti-tuberculosis agents
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activities [21]. In continuation, a new series of benzisoxazole-containing molecules
were studied for their competency as M. tuberculosis PS inhibitors. The derivatives
U and W are evidenced with compelling anti-tuberculosis activities [22].

5 Anti-glycation Activity of Benzisoxazole Derivatives

Diabetes mellitus (DM) is witnessed as an essential metabolic infirmity, realized if
the physical condition is inadequately competent to oxidize carbohydrates because
of irregularities in the actions of insulin [23]. Diabetes mellitus lead a long-term
suffering in numerous body actions which could result in the collapse of several
organ functions [24]. According to the recent findings, approximately 150 million of
population in the world are affected due to diabetes and it is presumed that the number
could enhance up to 300 million by 2050 [25] and 90% of the community worldwide
is afflicted by type II diabetes [26]. Initial investigations revealed that the derivatives
embedded with methoxy group which is situated at the para-position and likewise
the bromo-functionality embedded at the aryl moiety in the ortho-position including
the thiourea component could essentially induce the anti-glycation actions. Addi-
tionally, anti-urease functions also induced by introducing these functional groups.
The leading anti-urease action was realized for Phe-Pro (X) for urease embedded
by a functional group like methoxy functionality at the para-position [27]. More-
over, a broad range of thiourea/urea molecules of Gly/Pro-amalgamated benzisoxa-
zole compounds were examined for their anti-glycation performances. The deriva-
tives Y and Z appeared with extraordinary activity in comparison with the standard
drug rutin [28]. Indeed, the leading anti-glycation characteristic was noticed for
the benzisoxazole integrated with Tyr-Pro dipeptide (AA) analogue containing a
methoxy substituent embedded at the para-position of aromatic residue (Fig. 5) [27].

N
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)
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Fig. 5 Benzisoxazoles-related anti-glycation active compounds
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6 Antipsychotic Activity of Benzisoxazole Derivatives

Antipsychotic medications composed of a series of heterocyclic molecules that are
employed for the medication of particularly schizophrenia, psychotic problems and
bipolar affective disorders. Heteroaromatic scaffolds such as benzisoxazole deriva-
tives have found comprehensive application as antipsychotic drugs. The conventional
antipsychotic drugs embedded with benzisoxazole include iloperidone, risperidone
and paliperidone (Fig. 6).

The coumarins-embedded benzisoxazole molecules were described as potential
multi-target antipsychotics. It is well known that the catalepsy investigation is a
familiar and substantially employed as screening assessment during preclinical trials
for the susceptibility of an antipsychotic drug to persuade EPS in humans [31].
The associated compound AB appeared with excellent proficiency for dopamine
D3 and D2 and serotonin receptors such as 5-HT2A and 5-HT1A, having a reduce
compatibility for the H1 receptor. The molecule AB had high efficacy for the medica-
tion of illnesses related to schizophrenia without producing catalepsy. The molecule
AB also had an excellent edge for catalepsy affirmation associated with the market
available active molecules like antipsychotics, risperidone and clozapine. However,
this derivative is immense for appearing a characteristics class of drug molecules
for the cure of schizophrenia. Moreover, the derivative AC (QF1018B) displayed
moderate to high efficacies for 5S-HT2A and D2 receptors, and its 5S-HT2A/D2 ratio
was significant towards an antipsychotic profile [32]. In continuation, the molecule
AD occupies extraordinary pharmacological structures, as well as exceptional affini-
ties for dopamine D3/D2 and serotonin 5-HT2A/5-HT1A receptors. Additionally, it
holds low affections for H1 and 5-HT2C receptors (to limit the hazard of obesity
caused by the chronic medication) and hERG channels (to weaken the frequency
of torsade des points) [33]. Indeed, the derivative AE (QF1004B) was employed
as a tool to elaborate the role of 5-HT2C receptors to intervene the antipsychotic
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actions and metabolic adverse actions [32]. Furthermore, in contradiction to risperi-
done, the derivative AF appeared with an excellent psychotic edge and this may be
favourable in the investigation of a potential class of drug molecules for the cure
of schizophrenia. In continuation, the molecule AG featured an excellent binding
efficacy for the D2 receptor and 5-HT2A receptor. Furthermore, the derivative AG
(FI-8602, abaperidone) has been delegated for clinical progress (Fig. 7) [34].

7 Anticancer Activity of Benzisoxazole Derivatives

The advancement of novel anticancer derivatives is one of the prime desires in biolog-
ical and medicinal chemistry. The disease such as cancer is raised all over the world.
There is always a substantial appeal for novel anticancer drug molecules, and a broad
range of new natural or synthetic molecules are described successively by scientists
and researchers. Numerous anticancer derivatives are established with benzisoxazole
scaffolds which are represented here.

The derivatives AH and AI appeared with solid prevention against acetyl-
cholinesterase (AChE) from different sources: human serum, electric eel and rat brain
homogenate [35]. In addition, a broad range of benzisoxazole-functionalized allyl
compounds were established for anticancer and antioxidant activities. The deriva-
tives AK, AL, AL and AN were witnessed as the outstanding potency against HT-29
cells of colon cancer in human [36]. In continuation, among the amide-embedded
analogues, the hindering activity was acknowledged by AM against HepG-2 cells.
Further, the molecule AP divulged anti-proliferation actions against HepG-2 cells.
Consequently, the derivative AO disclosed a mitigated anti-proliferation performance
against HepG-2 cells [37]. Moreover, 1,2,3-triazoles acquired from benzisoxazole
analogues were elaborated for their anti-proliferative action on human acute myeloid
leukaemia (AML) cells. The molecule AQ was established to be the most competent
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anti-proliferative agent against MV4-11 cells. The molecule was affirmed as the most
adequate cytotoxic agent against a series of AML cell lines (MOLM13, MOLM 14
and MV4-11 cells) while featuring selectivity over bone marrow cells [38]. Addi-
tionally, N-benzylpiperidine contains benzisoxazoles AR, as practical and active
blockers of the enzyme acetylcholinesterase (AChE). Moreover, it is favourable for
therapeutic treatment of Alzheimer’s disease (Fig. 8) [39].

8 Biological Importance of Benzisoxazole Derivatives
[19-47]

The heterocyclic scaffolds appear to be a cutting-edge perception in recognizing
diversity in bioactive molecules. These scaffolds can also be successfully employed
for the development of novel structural entities that cooperate as valuable pharma-
cophores for a series of pharmacological properties [41]. The benzisoxazole acquired
analogues, like molecule AS admitted with potent human PPARS transactivation
action [42] The heat shock protein 90 (Hsp90) is referred as a molecular chaperone
that is accountable for exhilarating series of signalling proteins and is a favourable
hit in tumour biology. The benzisoxazole-embedded molecule such as AT acts as
an Hsp90 inhibitors [43]. Additionally, the derivative AU manifested prevention
against extra-pancreatic tissue damage to the lungs and kidneys . In continuation, the
molecules AV, AW and AX revealed threefold to fivefold greater effective cytotoxins
than the controls, which are depleting in the phosphoramide mustard-related group
(Fig. 9) [44].

In addition, a broad range of novel metabolically potent benzisoxazole specific
PPARc modulators (molecule AY)are witnessed and investigated in details toward
a series of biological properties. The derivative AY referred to as a partial agonist,
and it disclosed reduced adipogenesis in human adipocytes [45]. Moreover, the 5-
HT4 partial agonist molecule AZ was appeared for more clinical enlargement [46].
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Furthermore, the derivative BA, a benzisoxazole molecule in the absence of func-
tional groups on the aromatic ring, enacted decent antibacterial action against E.
coli, Salmonella typhi, Klebsiella pneumoniae and B. subtilis. The benzisoxazole
derivatives BB and BC containing methyl and methoxy functional groups, respec-
tively, rendered excellent antioxidant activities, whereas the derivatives embedded
with deactivating groups evident to perform anti-inflammatory actions. In continua-
tion, the molecules BD and BE containing the electron-withdrawing nitro group are
witnessed with good anti-inflammatory performances (Fig. 10) [47].

9 Synthesis of Benzisoxazole Derivatives [48—54]

Realizing the biological and medicinal importance of benzisoxazole derivatives,
several synthetic approaches have been devised by employing wide range of synthon
[48-54]. The general way of synthesizing benzisoxazole core 18 is by reacting 2-
hydroxy derivative of aldoximes/ketoxime 15 in presence of thionyl chloride 16
(Scheme 5).

In addition, the synthesis of benzisoxazoles has been largely realized by utilizing
2-hydroxy derivatives of nitriles, imines, oximes and many more. Few of selected
transformations have been shown in Scheme 6.

10 Summary/Conclusion

The benzisoxazole moiety is a significant pharmacophore in modern synthesis and
drug discovery. Attention has been progressively more specified to the synthesis
of benzisoxazole derivatives as an origin of novel biological and medicinal agents.
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The recognition obtained by various researches has proposed that the substituted
benzisoxazole and related N-heterocycles, which are the structural isosteres of
nucleotides, acknowledge them to relate simply with the biopolymers and acquire
pharmacological and biological activity with lower toxicities. Deviations in the
benzisoxazole structures have afforded high biological activities that have proven
effectiveness for the evolution of new medicinal agents having revised potency and
lesser toxicity. This chapter highlights the several synthesized benzisoxazole deriva-
tives possessing diverse activities such as anti-inflammatory, antifungal, antioxidant,
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analgesic, anti-HIV, anticancer, anti-tubercular and antiviral activity. We aspire that
the components of this book chapter would engross the interest of broad range of
readers associated with biology and chemistry fields to extend the dominance of
these motifs in drug discovery research.
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1 Introduction

Thiadiazole is recognized as a five-membered heterocyclic ring embedded with sulfur
and nitrogen atom, which exhibits as “two-electron donor system” and “hydrogen
binding domain.” They appear in four isomeric forms such as 1,2,5-thiadiazole, 1,2,4-
thiadiazole, 1,2,3-thiadiazole, and 1,3,4-thiadiazole moieties. It has been witnessed
that the molecules accommodated with five-membered heterocyclic ring reveal note-
worthy chemical phenomenon and a series of talented biological activities [1-5].
Among these scaffolds, the 2,5-functionalized 1,3,4-thiadiazoles are identified with
divergent biological actions apparently due to the occurrence of -N=C—S— moieties.
On the other hand, the indazole scaffolds are evident with a broad spectrum of phar-
macological properties [6-8]. In recent years, a series of indazole derivatives have
been described with admirable bioactivities. Moreover, the indazole moieties consti-
tute a class of pharmacologically influential molecules appearing with a broad range
of biological actions, [9] including anti-inflammatory, HIV protease inhibition, anti-
tumor, antiplatelet, antimicrobial, and anticancer activities. Here, we represent the
current aspects in the improvement of indazole-embedded pharmacologically active
molecules [10-14]. Here, in this section the versatility of thiadiazoles and indazoles
in medicinal chemistry is discussed (Fig. 1.1 and Table 1.1).
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Table 1.1 FDA-approved drugs containing 1,3,4-thiadiazole-based molecules

Drug name (drug | Structure Category/Indication Mechanism of action
bank ID)
Sulfamethizole o Sulfamethizole is This functions as a
(DB00576) )?J\ \>_\CH. employed for the competitive blocker of
medication of urinary bacterial enzyme
o—=s= tract infection dihydropteroate
synthetase
Acetazolamide Acetazolamide is It acts toward the lead
(DB00819) e _,':\ _ ,ﬁ \}\ : referred for the ancillary | inhibition of carbonic
W " treatment of (1) edema | anhydrase in the CNS

arises because of

congestive heart failure;

(2) centrencephalic

epilepsies; (3) chronic

simple (open-angle)

glaucoma; and (4)

drug-instigated edema
Cefazolin Cefazolin is primarily It effects the prevention
(DB01327) pzg employed for the cure of | of synthesis of cell wall

bacterial infections of by targeting to selective

the skin penicillin-binding

proteins (PBPs)

Methazolamide oHe Methazolamide is It acts as blocker of
(DB00703) A& utilized as a diuretic and | carbonic anhydrase

in the medication of
glaucoma

2 1,3,4-Thiadiazoles and Their Pharmaceutical Drugs

The prudent liposolubility of the sulfur-atom in 1,3,4-thiadiazoles scaffold could
also have an affirmative effect on the biological actions and pharmaceutical char-
acteristics of thiadiazole-embedded molecules. Albeit the thiadiazole derivatives
have preferences over other commonly identified therapeutic molecules, eventually
their toxicity still persists a major concern. In recent years, a series of thiadiazole-
embedded marketed drug molecules are recognized. Among these molecules, the
methazolamide and acetazolamide are well known as diuretic and act as inhibitor
of carbonic anhydrase. It is described that the derivatives of these drug molecules
reveal other pharmacological performances such as anti-convulsant and intended
inhibition of carbonic anhydrase [15]. A part of other thiadiazole-associated drugs
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are occurred in the market which include cefazedone, cefazolin sodium, xanome-
line, timolol, and megazol (Fig. 1.2) [16]. The cefazedone and cefazolin sodium are
witnessed as first generation cephalosporins, whereas the timolol is a suppressor of
the non-selective B-adrenergic receptor, which is employed for the cure of angina
and hypertension. The xanomeline performs as a prudent agonist of muscarinic
acetylcholine receptor subtypes M4 and M1, and megazol is recognized as an anti-
parasitic drug, respectively. 1,3,4-thiadiazole is a crucial scaffold ubiquitous in a
series of drug molecules and possesses a number of pharmacological actions such
as anti-inflammatory, antiviral, antimicrobial, antiepileptic, analgesic, antitubercular
agents, antineoplastic, cytotoxic activities, and anti-oxidant properties [17, 18]. Thia-
diazolidiones (TZDs) display anti-diabetic activities by transactivation of PPAR-Y
and reduce the glucose level in blood. These derivatives are not associated with
any side effects like hepatotoxic, weight gain, and cardio-toxic effects. The acti-
vation of PPAR-Y may also lead in its anticancer properties as the processes such
as differentiation, cell proliferation, and apoptosis are involved [18]. A novel series
of thiazolyl-2,4-thiazolidinediones/rhodanines were prepared, and these molecules
were examined for the anticancer properties in two HCC cell lines such as PLC/PRF/5
(PLC) and Huh7 for preliminary screening, one breast cancer cell line such as
MCF?7 for secondary screening, and five hepatocellular carcinoma (HCC) cell lines
[Huh7, Snu449, Hep3B, Plc, and HepG2]. In this strategy, three novel derivatives
were identified which are associated with outstanding anticancer properties. The
thiazole-embedded derivatives containing a lipophilic functional group such as TZD
or rhodamine ring at N-3 position reveal potent anticancer properties [19].

A broad range of 5-((3-aryl-1-phenyl-1H-pyrazol-4-yl)methylene) thiazolidine-
2,4-diones were described, and these derivatives were exposed toward the anti-
bacterial studies against Staphylococcus aureus, Bacillus subtilis, Escherichia
coli, and Pseudomonas aeruginosa and also correlated with the standard drug
ciprofloxacin. The experiments resulted with the outcome of good activities against
Gram +ve bacteria. Moreover, one of the molecules apprises toward more potent
activity with the MIC of 32 pg/ml against B. subtilis and 16 jLg/ml against S. aureus
[20].
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Fig. 1.2 Pharmaceutically important molecules embedded with 1,3,4-thiadiazole moiety
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The 1,3,4-thiadiazole derivatives embedded with pyrazole and pyrrole containing
the carboxamide group at 3rd position have exhibited compelling anti-inflammatory
properties. It was also identified that three derivatives have conceded the adequate
anti-inflammatory effect with inhibition in paw edema of 77, 76, and 76% at 3 h,
whereas the indomethacin revealed 75% of inhibition. Furthermore, after 5 h, the
inhibition of 81, 80, and 79% was identified; nevertheless, indomethacin affirmed
80% inhibition [21].

The 1,3,4-thiadiazole molecules embedded with amino group functionalization at
2nd position and sulfonyl group functionalization at 5th position were prepared and
examined toward their anti-depressant and anxiolytic properties. These derivatives
were compared with the standard drugs such as diazepam and imipramine, which
discloses that one molecule has admitted with good anxiolytic and anti-depressant
activities at a therapeutic dose range and liabilities of side effects such as amnesia
and sedation were minimum [22].

The linezolid is witnessed as a bacteriostatic molecules, and its analogs embedded
with a nitroaryl-1,3,4-thiadiazole moiety possess the antimicrobial properties by
inhibiting the protein synthesis against the generation of 70S complex. Moreover,
one of these derivatives exposed more potent activity against Gram —ve and Gram
+ve bacteria, when correlated to the standard drug such as ciprofloxacin [23].

3 Indazole-Containing Pharmaceutical Drugs

Axitinib (in trade name it is known as Inlyta) is referred to as a tyrosine kinase small
molecule inhibitor (A) that has been described to prevent the progress of breast
cancer expressively. Also, it establishes a property against renal cell carcinoma in
the clinical trials [24] (Fig. 1.3).

In addition, the granisetron (also known as Sancuso in the trade name) is recog-
nized as a careful 5-HT3 receptor antagonist (B), which has been employed medic-
inally to prevent the emesis and nausea caused by the intake of cancer chemothera-
peutic agents [25, 26]. Compound 1H-indazole-3-carboxylic acid (K) shows selec-
tive and potent anti-spermatogenic activity. Indazole derivatives L and M act as liver
receptor agonist, and compound 1-(4-fluro-phenyl)-1H-indazole (N) is most effective
against acute and chronic inflammatory conditions (Fig. 1.3 and Table 1.2).

In addition, 3-aminoindazole is a clinically immense N-heterocyclic scaffold
that has been normally employed for pharmaceutical strategy. The derivatives
with this distinct moiety have been established to have important biological
performances, which include suppressing melanin-concentrating hormone (MCH)
receptor-1 as exhibited by compounds Q and R [27].Indeed, the detailed inhibi-
tion capacities were studied for Janus kinase-2 (JAK-2), multi targeted receptor
tyrosine kinase (RTK), and cyclin-dependent kinase with the exposure of ABT-
869 (S) [28], compounds T [29] and P [30] respectively. [28][29] [30. In contin-
uation, 1-phenyl-4,5,6,7-tetrahydro-1H-indazole-5-carboxylic acid (compound U)
displayed anti-inflammatory characteristics, whereas the 2-methyl-3-methylamino-
4,5,6,7-tetrahydroindazole (compound V) also showed the good anti-inflammatory
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Fig. 1.3 Biologically active indazole derivatives

activity. Additionally, compound W exhibited anti-bacterial activity and compound X
displayed both anti-inflammatory and antimicrobial activity (dual agent). Indeed, the
compounds Y (A-674563) and Z (A-443654) were Akt inhibitors in cancer treatment.
In addition, compound AA is used in the treatment of chronic obstructive pulmonary
disease. In addition, the compound AB exhibited anti-tuberculosis activity, whereas
compound AC and AD were ketohexokinase inhibitors and glucocorticoid recep-
tors agonists and antagonists, respectively. In another, lonidamine (synonym diclon-
dazolic acid) signifies an orally administrating hexokinase inactivator, as well as
anti-spermatogenic and anticancer agents (AE) [31, 32] (Fig. 1.4).
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Drug name (drug bank
ID)

Structure of drug

Category/Indication

Mechanism of action

Pazopanib (DB06589)

Pazopanib is well
known for the
medication of cancer in
renal cell at advanced
stage and also used for
soft tissue sarcoma in
advanced stage

Pazopanib induces the
generation of blood
vessel in tumor toward
the endurance and
advancement of tumor

Axitinib (DB06626) Axitinib is Axitinib is familiar as
recommended for specific blocker of the
cancer in the kidney cell | VEGFR-1, VEGFR-2,

1 and described toward and VEGFR-3
the cure of thyroid and
pancreatic cancer

Benzydamine Benzydamine is Benzydamine performs

(DB09084) recognized as analgesic | by preventing the
acting locally. This is generation of cytokines
also employed for the (pro-inflammatory) like
medication of interleukin-18 (IL-1B)
inflammatory disorders | and TNF-a
and releases from the
painful conditions

Granisetron Granisetron is Granisetron is been

(DB00889) recommended toward witnessed as a potent,

suppressing vomiting
and nausea identified
after emetogenic cancer
therapy, radiation and
post operation (during
initial and repeat
courses). This disorder
may be associated with
high dose cis-platin

selective antagonist of
5-HT3 receptors

Niraparib (DB11793)

Niraparib has been
realized to treat ovarian
cancer

Niraparib is witnessed
as an orally active
PARP inhibitor

Entrectinib (DB11986)

Entrectinib is
recommended for the
medication of solid
tumors (NTRK gene
fusion positive) and
non-small cell lung
cancer which is
ROS1-positive
metastatic

Entrectinib is familiar
as tropomyosin receptor
tyrosine kinase (TRK)
such as TRKA, TRKB,
TRKC, anaplastic
lymphoma kinase, and
proto-oncogene
tyrosine-protein kinase
ROS1 inhibitor

(continued)
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Drug name (drug bank
ID)

Structure of drug

Category/Indication

Mechanism of action

Bendazac (DB13501)

Bendazac is known for
an anticataract action,
anti-inflammatory,
anti-necrotic, choleretic,
and anti-lipidemic
characteristics, useful in
managing and delaying
the progression of
ocular cataracts

Bendazac is inhibiting
the denaturation of
ocular lens proteins and
inhibits prostaglandin
synthesis by inhibiting
cyclooxygenase activity
in converting
arachidonic acid to
cyclic endoperoxides

Fig. 1.4 Pharmacologically important indazole derivatives

Indazole is a heterocyclic skeleton which exhibits potent pharmacological activ-

ities like antitumor, antiviral, anti-inflammatory, antiplatelet, antimicrobial, HIV
protease inhibition, antitubercular, anti-spermatogenic, antifungal, anti-bacterial
activity, protein kinase C-B/Akt inhibition, anti-pyretic, NSAID, and analgesic [33,
34]. Indazoles also play a role in angiogenesis and metastasis in solid cell line tumor.

Indazole substitution at different positions exhibits different pharmacological
activities. Indazole with a sulphonamide moiety exhibits good anti-proliferative
activity. Some of the indazole-containing compounds induced block of cell divi-
sion in G2/M phase. N-[6-indazolyl] aryl sulfonamides were synthesized, and they
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are evaluated for the anti-proliferative activity. Two compounds have shown a good
anti-proliferative activity in the cell lines, namely A2780 and A549 with the ICsg
value of 4.21 uM and 18.6 uM and 5.47 uM and 7.73 pM, respectively [33].

3-substituted indazoles were synthesized, i.e., 3-arylindazoles and N-methyl-3-
aryl indazoles, and they were evaluated for the antimicrobial activity and the anti-
cancer activity. The anticancer activity of the synthesized compounds was evaluated
in cell lines such as HT-29 (human colorectal adenocarcinoma cell line) and MDA-
MB-231 (human breast cancer cell line). These compounds exhibited the IC50 value
in the range of 0.8-6.8 and 1.2-7.6 uM respectively in cell lines Ht-29 and MDA-
MB-231. ( Four compounds have exhibited excellent activity with 29, 25.8, 27, and
20 mm values at the concentration of 100 pg/ml against bacterial strain S. aureus,
and two compounds are active against Klebsiella pneumoniae with 22.2 and 19 mm,
respectively. Docking of the above compounds was performed, and the role of inda-
zoles in establishing hydrogen bond interaction with the receptor was known. It
indicates that the indazoles exhibit good anticancer and good anti-bacterial property
[35].

4 Summary/Conclusion

The significance of thiadiazole and indazole motifs can be contemplated by their
unambiguous presence in several pharmaceuticals and related molecules. The inda-
zole derivatives mark their presence by their substantial activities like antimicrobials,
antitumors, antivirals, NSAIDs, antifungals, and anticancer agents. In parallel, thia-
diazole derivatives pursue a wide range of pharmaceutical properties to cure some of
the life-threatening diseases. Owing to the importance affiliated toward thiadiazole
and indazole derivatives, researchers around the globe have been constantly probing
toward the isolation of more potent molecules embedded with thiadiazole and inda-
zoles. This chapter has been written in light of providing adequate information on
medicinal and pharmacological aspects of thiadiazole and indazole derivatives. This
chapter also shed lime light on the biological importance and mode of action of
thiadiazole- and indazole-containing drugs. We anticipate that the elements of this
book chapter would captivate the interest of wide range of readers associated with
chemical biology and biochemistry fields in enhancing the supremacy of these cores
in drug discovery research.
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Exploring the Scope of Developing Ionic )
Liquid-Based Drugs e

Sumit Bhawal

1 Introduction

1.1 The Pharmaceutical Landscape is Dominated by Solid
Active Forms

One unique feature that defines a solid is the ability of its constituents to arrange them-
selves in different ways. It is common for the component ions, atoms, or molecules
to adopt more than one arrangement in three dimensions. Thus, it is possible to
construct crystalline solids displaying different physical properties from a single-
component organic crystal given the name polymorphism arising mainly due to
differences in free energy of their respective crystalline and solvated state [1, 2].
One such property that gets affected due to different crystalline arrangement is the
aqueous solubility, thus directly affecting the bioavailability and hence absorption of
the solid drugs [2]. However, crystals containing more than one type of atom, ionic
compound, or molecule will have different properties than do crystals made from
singular constituent and are called cocrystals [1].

Cocrystals wherein active pharmaceutical ingredient (API) may be embedded in
a pharmaceutically acceptable guest molecules have gained prominence as it offers
a possibility to improve the physical characteristics of the API. However, cocrystals
also suffer from the same old problem of polymorphism as do API [3].

Pharmaceutical industry hinges heavily on solid active forms like powders and
tablets owing to ease of taking a pill orally and handling convenience. Liquid forms,
on the other hand, not only offers different modes of delivery options but can also
enhance the bioavailability translating to enhanced absorption [4]. The insolubility
of the solid forms results in 40-70% failure of the total compounds entering the
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development stage because of the inability to convert them into more soluble forms
for release into the bloodstream [4]. A pressing example is the temporary removal
of antiretroviral medication Norvir in 1998 due to the appearance of an unknown
polymorph Form II with substantially less water solubility, resulting in precipitation
and late-stage failure even after product launch [5].

2 Discussion

2.1 Why Ionic Liquids (IL’s) Are Emerging as a Rich
Toolbox for Developing New Generation Liquid Drugs

While ionic liquids have not received enough attention largely due some toxicity
and regulatory concerns [4]. It is important to realize though that they offer exciting
prospect due to their tuneability and multitude of interaction between the drug and
counter ions in contrast ionic interaction which is the mainstay for more than half of
the solid drugs. In addition, their low symmetry and diffused charge can lead to poor
packing of the constituent ions leading to the appearance of liquid state and may
be an effective means to bypass the delivery problems encountered by solid dosage
forms (Fig. 1).

Liquid salts at body temperature have the potential to enhance their solubility
and absorptions. Also, ionic liquids can be customized to deliver more than one
ingredient simultaneously. Judicious combination of drugs with “functional coun-
terions” can expand the scope of treatment and/or reduce the side effects of the
primary drug providing better therapeutic options. Effective use of “functional coun-
terion” to produce liquid salts, rendering the “combined entity” to address more
than one aspect of a disease is a promising area where quick strides can be made.
A classic example involves combining pain-relieving properties of procaine with
anti-inflammatory property of salicylic acid to generate procainium salicylate in a
liquid state, opening up new, viable treatment regimen, and delivery options [6]. This
is important as the current drug discovery processes are circuitous and clogged and

Fig. 1 The tuneability and
liquid state of ionic liquid
emerge from asymmetry,
charge delocalization, and
multiple interaction types

O
CATION  ANION
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in part responsible for their high price and accessibility. In addition, pharmaceutical
research should look beyond ionic interactions and engineer functional designer ions
with wider spectrum of non-covalent interactions for better control of physical and
biological properties. Regulation should also be revamped to focus more on clinical
properties rather than physical forms [4, 7].

The scientific understanding behind the emerging paradigm is still evolving. For
example, is there a way to predict a priori how an ion can be made liquid? purification
of non-crystallizing active ingredients is a challenge. Is there a way to design nontoxic
ions that may retain its multiple interactions with the active agent simultaneously
interacting with the solvent system like water? central to this is aiming for ions
capable multiple non-covalent interaction, and ionic liquids fills up the role to a
great extent provided toxicity issues are addressed. Recently, Banerjee et al. [8]
reported a highly effective and scalable oral insulin formulation stabilized by ionic
liquid choline geranate (CAGE) that may be delivered in enterically coated capsules.
The biocompatible formulation demonstrated profound efficacy at very low insulin
doses in adult nondiabetic male Wister rats and had good stability. Promising results
may be awaited following pre-clinical and clinical studies. Additionally, studies
involving Insulin—CAGE—intestinal fluid interactions may uncover greater insights
into the process of insulin absorption. Recently, novel electrospinning methods to
disrupt bacterial film formation have been reported [9]. The choline geranate-based
ionic liquids displayed enhanced skin penetration and were used to treat difficult
skin lesions. They have demonstrated that protein scaffolds doped with different
amount of choline geranate had multiple clinical application in the area of wound
healing. Ranitidine docusate ([Ran][Doc]), the first liquid room temperature API-
ILs introduced by Rogers et al. in 2007 [10], displayed improved API absorption,
thus opening the door for new liquid form APIs with specific physicochemical and
biological properties and/or more than one pharmacological action. In an interesting
report, Hough et al. [11] demonstrated modified solubility, higher thermal stability,
and significant enhancement (relative to lidocaine hydrochloride) of topical analgesia
for Lidocaine docusate, a hydrophobic IL obtained by combination of topical pain
reliever (lidocaine, Lid) and an emollient (docusate, doc) in two different models of
mouse antinociception. The data is also suggestive of different mechanisms of action
for [Lid][CI] and [Lid][doc]. A case where counter ion modification confers novel
bioactivity and delivery options due to the slow release of the APIL In a relatively
recent review [12], Rahman et al. discussed the need for discovering low-toxicity
ILs and how the intrinsic properties of the ILs can be modified to get access to
the structural diversity tailored to meet the current biopharmaceutical challenges.
The review also sheds light on how biocompatible Ionic Liquids (ILs) are emerging
as a major player in the oral and transdermal application of small molecules as
well as macromolecules like peptides and proteins. New generation API-ILs can
also discovered by a prodrug strategy wherein one of the ions undergoes enzymatic
transformation to its active form in vivo. Generation of oligomeric ions by simple
manipulation of the stoichiometry or introducing free acid/base of the conjugate
base/acid with in the interaction domain is also being pursued [10].
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Also, API designed to produce low melting liquid salt can be used to modify
the solution properties of the API by enhancing the pairing interactions leading to
superior transport through the cell membrane or skin barrier. Zakrewsky et al. [13]
demonstrated a CAGE based deep eutectic solvent to treat biofilm penetration of
recalcitrant Pseudomonas aeruginosa and Salmonella enterica and broad-spectrum
antimicrobial activity against a number of drug-resistant bacteria, fungi, and viruses
[13]. These include clinical isolates of Staphylococcus and Candida albicans as well
as laboratory strains of Herpes Simplex Virus. Owing to the low toxicity of choline
geranate ionic liquids, the molecular aggregation behavior was tracked using Small-
angle X-ray scattering (SAXS) and ' NMR studies [14]. The SAXS pattern revealed
structural transition from nanoscale aggregation (until 17 vol% water) to lamellar
phase (in the 25-50 vol% water) to micellar phase with more than 67% water. 'H
NMR studies indicated that water was located in close proximity to choline and the
CO,H group in geranic acid to facilitate proton exchange up to 17 vol% of water.
While the '*C NMR suggested that addition of water affected the hydrogen bonding
between choline and geranic acid. Additionally, '*C cross polarization magic angle
spinning NMR suggested that the rigid component of the lamellar phase was primarily
geranic acid. The aggregation behavior of CAGE is an important study as it has
received considerable attention as a biocompatible, relatively nontoxic IL for drug
delivery systems [15]. Several studies reported CAGE as an excellent penetration
enhancer in the transdermal administration of low molecular wt% flavonoid, peptides,
and proteins like ovalbumin and bovine serum albumin [16].

2.2 Synthetic Routes

Most of the API-ILs syntheses reported in literature employ metathesis reaction
for combining the cation and anion with the precipitation of stable salts like NaCl.
The cations and anions are generally pre-dissolved separately in solvents and mixed
together and stirred at room temperature or heated, if necessary. The simplicity of the
method is encouraging, however, the purity of the final API-ILs can be challenging
requiring the removal of inorganic salts like NaCl, especially if the API-ILs have
considerable water solubility. The salt can be eliminated through adequate selection
of solvent or by employing additional purification methods [17]. Dean et al. proposed
an alternative anticrystal engineering strategy to synthesize API-ILs by deliberately
choosing asymmetric ions that do not pack well [18]. Thus, in the temperature range
of interest, emphasis must be on the preparation of amorphous phase as the thermo-
dynamically most stable form, wherein the salt is in a liquid or a glassy state but not
as supercooled liquid. Their study revealed that complementary functional groups
leading to strong supramolecular attractive intermolecular or interionic hydrogen
bonding between donor and acceptor must be avoided in the preparation of liquid
API—ILs. However, more studies and larger sample pool size are required for better
understanding.
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3 Conclusion

3.1 Future Prospect and Challenges

Overall, the dual nature (discrete ions) of ILs can be conveniently modulated to
generate liquid APIs with additional biological function or modify the properties of
the existing drugs in a beneficial way. Some of the properties that have been looked at
include controlling solubility, bioavailability, stability, elimination of polymorphism,
and opening novel delivery options like transdermal penetration as API-IL complex
and conferring slow release of the active form and development of pharmaceutical
cocktails for peptide-based therapeutic agents [19, 20]. While there are possibili-
ties in waiting for development for IL mediated vaccine stabilization/storage and
enabling API with targeting ligands as counterions. Nevertheless, there are several
challenges like limited in vivo studies, lack of pharmacokinetic, and pharmacody-
namic data [21]. Study of metabolic pathway in their uptake and alteration of toxicity
relative to the precursor API and identification of a larger pool of biocompatible ions
from renewable sources and their toxicological profiles is also important. The slow
progress might be partly attributed to the lack of guidelines from the pharmaceutical
entities for API-ILs which renders testing of the formulations difficult. Nevertheless,
ILs offer huge scope for finding new roles for old drugs and improving their delivery
and efficacy.
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1 Introduction

This type of chemistry has surpassed simple molecules and established its control
over non-covalent interactions [1]. It has developed a new measurement with the goal
of detecting predominance over the intermolecular bond. In chemistry, the complexity
(intricacy) has grown beyond atoms to super-molecules, and poly-molecular orga-
nization has been sorted out [2]. Supramolecular chemistry is a highly multidis-
ciplinary subject of research that deals with the physical, chemical, and biological
aspects of complex mixtures that are kept together and formed through intermolecular
(non-covalent) communication techniques. This relatively new study area has been
defined, conceived, and structured into a logical framework. Supramolecular chem-
istry, which involves both physical and biological phenomena, is rapidly increasing
at the frontier of chemical study. Supramolecular science has advanced to the point
that it has attracted the attention of many researchers. Supramolecular research has
advanced to the point that it has attracted the attention of several scholars from
other domains, such as chemical and biological science [3]. Supramolecules are the
chemical building blocks of the future. They are additive but also the outcome of co-
operative interactions, with hydrogen bonding, hydrophobic interaction, and coordi-
nation. Supramolecular structures are frequently better than some properties of each
individual block. Supramolecular chemistry is as yet a young field, making it hard to
characterize precisely what it envelops. It has grown quickly because of commitments
from an assortment of related fields. The size of the desired sub-atomic framework
is intimately linked to this order. Sub-atomic recognition (Molecular recognition)
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science [4, 5] deals with the smallest supramolecular frameworks (structures) and
also involves partnerships between only a few particles. The chemistry of atomic
groupings, on the other hand, might include sub-atomic frameworks made up of
countless molecules [6].

Covalent Interaction
Aal I.ICS

A
\ N4
Molecules Non-Covalent Interaction < »
Fy A
The binding or complexation process that occurs between a host and a'guest is
depicted by a supramolecular assembly, which has incredible structural flexibility.
Crown ethers, cryptands, spherands, porphyrins, and calixarenes are examples of
molecular receptors used in supramolecular chemistry. Supramolecules are divided
into three groups based on their time scale generation (Fig. 1): (a) first genera-
tion (cyclodextrins), (b) second generation (crown ethers), and (c) third generation
(supramolecules) (calix[n]arenes). Calixarenes have sparked attention in both prac-
tical and fundamental chemistry because of various types of supramolecular sensors
they have generated [7].

Classification of supramolecules

v" Supramolecules can be classified by their generation of time scale

A4

Cyclodextrin Crown Ethers Calixarene

L+ ] [+] 4 ¥
/ \i [ I..'\_ _'/' i \..
i o )

Fig. 1 Classification of Thiacalixarenes based on time scale
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Fig. 2 Calixarenes
chemistry
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2 Calixarenes Chemistry

Calixarenes are the third generation of these supramolecular host molecules. They
were grown later than crown ethers, and cyclodextrins yet have still been exten-
sively investigated. Different hole (cavity) sizes have been planned, every one of
which has conformational isomers. Calixarenes (Fig. 2) are cyclic oligomers in
structure composed of phenolic (Ph—OH) units related to the methylene group. They
are synthesized by the base-catalyzed condensation reaction of p-alkylphenols, and
it can be modified by some functionalization of its upper and lower rime [8—10].
Calixarenes are known as macro cycles since they have limitless possibilities that
are not considered by other normal hosts [11]. Various calixarene-based receptors
have been integrated, and their capacities have been employed in various ways,
such as in chromatography, sensory, and partition chemical applications, using these
types of produced components [7]. Further, calixarenes are divided into two classes:
Heteracolixarenes and Heterocalixarenes. In (i) Heterocalixarenes, hetero atoms such
as N, S, and O, replace the scaffold methylene group; and (ii) Heterocalixarenes,
heterocyclic moiety such as Furan and Pyrroles, replace the phenolic group.

3 Thiacalixarenes (TCA) Chemistry

The carbon bonds between aromatic units are replaced by heteroatoms in Heterocal-
ixarenes, which are less discussed in substance writing [12]. Because they contain
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Fig. 3 Thiacalixarenes R
(TCA) chemistry
s S
OH
R OH HO R
OH
S S
R

sulfur atoms instead of the normal methylene bunches, thiacalixarenes are orga-
nized as heterocalixarene elements [13]. Thiacalix[4]arene (TCA) was discovered in
1997 as a member of the heterocalixarene family and has since received a lot of atten-
tion from the supramolecular network [14]. Thiacalixarene have been investigated as
atomic stages for fascinating likely applications, for example, the consideration of an
assortment of guest molecules, the acknowledgment (recognition) of metal particles,
chiral and novel anion receptors, and novel dendritic-shelled sub-atomic receptors
[15-19]. Thiacalixarene is a radical modification of the traditional calix benzene
moiety. It has a larger carbon-sulfide bridge and more drawn-out bond length than
that of carbon—carbon bond. The ring linkages affiliating sulfur (S) with the phenolic
oxygens may act agreeably after restricting metal particles (Fig. 3).

3.1 Synthesis of TCA

Simplicity in the synthetic procedures of thiacalixarene has facilitated accessibility
to gram-scale quantities of these compounds. The popularity of thiacalix[4]arenes
comes from their altered cavity diameters and additional binding sites provided by
the proximity of sulfur molecules. For the derivatization of thiacalixarenes, appro-
priate procedures are being developed, in which the conformational effects become
essential.

e General method
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n + n/4 Sg + nH,S

NaOH

R=t-Butyl
R=Phenyl

n=4,6,8

Scheme 1 General synthesis of Thiacalixarenes

Thiacalixarenes 1 (n =4, 6, 8) are cyclic oligomers gotten under basic conditions from
p-tert-butylphenol and natural sulfur (Sg), i.e., for the substitution of the methylene
scaffold in traditional calixarene by sulfur (S) atoms (Scheme 1).

¢ Single-Step Method:- Kumagai et al. [14] gave this method. The yield is about
54%.

e Two-Step Method:- Sotaro et al. [20] proposed a convenient two-step procedure.
The yield is about 75%.

e Three-Step Method:- Sone et al. [21] announced the principal combination of
this class of heterocycles in 1993 by means of a stepwise procedure. The yield is
Very poor.

4 Conformers of TCA

The thiacalix[4]arene platform as customary calix[4]arene has two edges. The
phenolic groups (Ph—OH) containing restricted edge is also known as the “lower
rim,” while para-substituents of platform are more extensive segment is known
as the “upper rim.” The four potential adaptations are displayed (Fig. 4) by thia-
calix[4]arenes “cone,” “partial cone,” “1,2-alternate,” and “1,3-alternate” as appeared
into Fig. 4 and are conceivable from the direction of the phenolic units concerning one
another. Graf et al. [ 18] reported the first X-beam structure of tetra-thiacalix[4]arene,
confirming that TCA adopted a cone shape with true C4 symmetry, which was
achieved by a cyclic pattern of hydrogen bonding involving four phenolic units.
This X-ray research reveals that the bond length between the bridging group and
aromatic residues is 15% longer than the comparable calix[4]arene, showing that
thiacalix[4]arene has a wider cavity than standard calix[4]arene [13].
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Fig. 4 Conformers of TCA

5 Functionalization of TCA

The chemical modification of TCA (Fig. 5) has led to a great variety of derivatives
with modified solubilities, conformational mobilities, and complexation abilities for
the synthesis of more elaborate supramolecular systems.

¢ Functionalization occurs at these three positions of TCA is given below:

1. Oxidation of sulfide bridges [22-28]
2. Upper-rim functionalization [16, 18, 29-34]
3. Lower-rim functionalization [35-39].
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Fig. 5 Functionalization of
upper rim <————

bridging sulfur \
S

lower rim <——— bH OH OH HO

6 Applications of TCA

TCA has several benefits for lower rim, upper rim, and sulfide bridge function-
alization (Fig. 6). Because of the sulfide group present at the bridging posi-
tion, thiacalix[4]arene has a better bidding capacity with metal ions than typical
calixarene. With the addition of oxygen, thiacalix[4]arene has been functionalized
for good binding affinity with soft and hard metal ions. TCA has been modified
to detect a variety of anions, cations, and neutral analytes. Self-assembled coor-
dination networks, molecular switches, magnetic materials, logic gates, and lumi-
nous materials are some of the additional uses of thiacalix[4]arenes that have been
documented.

Logic
gte ¢/

Campléxe.s applications

Fig. 6 Graphical illustration of application
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6.1 Cationic Recognition Through UV/Fluorescence

Redshaw et al. [40, 41] reported a fluorescent sensor that is functionalized from
the lower edge of thiacalix[4]arene (TCA) and has a triazole ring (a) as cationic
binding sites with a 1,3-alternate conformation that specifically binds Ag* parti-
cles, resulting in a significant increase in pyrene monomer emissions and ratiometric
fluorescence conduct. The presence of a nitrogen atom on the triazole moiety, as
well as coordination between the ionophoric cavity and the sulfur atom of TCA, is
thought to be responsible for the high affinity with Ag* ions. In the cone confor-
mation of thiacalix [4] arene, Kumar et al. [42] discovered a tetra pyrene-appended
(b) chemosensor. It has compliant behavior with metal ions in an aqueous media.
Because of reverse photoinduced charge transfer [43] from pyrene units to carbonyl
oxygen, the chemosensor showed great selectivity to Fe** particles by fluorescence
extinguishing of excimer emission of pyrene units. The selectivity is unaffected by
any variation cations, anions, amino acids, blood serum, or bovine serum albumin
(BSA). That is why it is utilized as a selective sensor for Fe*? ions in live cells
(PC3 cells). Luo et al. [44] used UV-Vis and fluorescence spectroscopy as well
as '"H NMR titration to show that p-tert-butyl thiacalix[4]arene (with diagonal 8-
hydroxyquinoline moieties) (c) is a very stable complex formation of ligand with
Co**, Zn**, and Ni** ions. Co?*, Zn**, and Ni** have stoichiometries of 1:2, 1:2,
and 1:1, respectively, resulting in exceptionally stable complexes with these three
metal ions, as seen by the results. We acknowledge the possibility of using the p-
tert-butyl thiacalix[4]arene (diagonal 8-hydroxyquinoline moieties) derivative as a
change metals’ fluorescence test and natural light-emitting diodes. Asif Ali Bhatti
et al. [45] reported a water-soluble fluorescent sensor that is functionalized from
the lower rim of thiacalix[4]arene with rhodamine (TR) (d). It shows the selectivity
toward the Hg*? with changing in fluorescence Properties. TR-Hg?* gives specific
color change with increase in fluorescence intensity at 573 nm when excited at
335 nm. Photophysical properties of TR show that the presence of Hg?* induce
CHEF OFF — ON process, which is similar to photoelectron microscopy or X-ray
diffraction. Zhu et al. [46] reported a water-soluble thiacalix[4]arene tetrasulfonate
(e) was found to have preferential chromogenic recognition for copper (II) ion over
other transition metal ions. The addition of copper (I) ions to thiacalix[4]arene tetra-
sulfonate (TCAS) induced a distinct chromogenic response, in which the aqueous
solution changed from blue to salmon pink. Verma et al. [47] developed and synthe-
sized a new thiacalix[4]arene N-(4-(tert-butyl) phenyl)-2-chloroacetamide (f) for the
selective identification of Hg (II) ions. This probe has the potential to be an effective
mercury ion sensor [48]. Its extraordinary selectivity toward Hg (II) ion over a series
of common metal ions is indicated by a redshift in absorption maxima followed
by a considerable increase in emission intensity. This probe’s binding constant was
measured to be 1.834 x 10° M~!. The cationic recognition (sensing) absorbance and
emission has been depicted in Table 1.
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Table 1 Absorbance and emission data of functionalized TCA with analytes
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Compound + Analyte Absorbance Emission References
N max (nm) Excitation (nm) A max (nm)

(a) +Ag" - 360 378 [40, 41]
(b) +Fe*? 342 350 478 [42]

(c) +Co*?, Zn*?, Ni*? 340 394 440 [44]

(d) +Hg*? - 335 573 [45]

(e) Cu*? 312 - - [46]

(f) +Hg*? 334 325 399 [47]

(&) +F~ 470 420 561 [49]

(h) +F~ 360 320 385 [50]

(1) +F~ 440 344 413 [51]

(i) +CN— 440 344 500 [51]

6.2 Anionic Recognition Through UV/Fluorescence

The fluorescent chemosensor was created by Bhatt et al. [49] using two quinoline
moieties based on thiacalix[4]arene (g) and armed for fluoride ions. In tetrabutylam-
monium salt (TBA) using acetonitrile as the solvent, they found emission spectra
of several anions such as C1-, F~, Br—, H,PO,~, I, and CH3;COO~. When fluo-
ride ions (F™) are added to the compound, the emission spectra shift to 470 nm
(Fig. 7), indicating a red shift, whereas other anions have no effect on the adsorption
spectra (Fig. 8). Due to hydrogen bonding, this shift in spectra provides informa-
tion on the interaction of electronegative fluoride (F~) ions with a particular moiety.

0.7

0.6

04+

Absorbance

02F

Ligand, Ligand + chloride,
phosphate, acetate, lodide,
hydroxide, bromide, dihydrogen

e

- - !— Ligand + Fluoride

=l

Wavelength [nm]

Fig. 7 Absorption Spectra of quinoline moieties of TCA on addition of various anions in ACN.
Reproduced from the Ref. [49]. With permission from Elsevier, License no: 5225830200075
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Fig. 8 Emission Spectra of quinoline moieties of TCA on addition of various anions in ACN.
Reproduced from the Ref. [49]. With permission from Elsevier, License no: 5225830200075

With two naphthyl moiety of thiacalix[4]arene (h), Kumar et al. [50] produced a
fluorescent chemosensor for fluoride ions. UV-Vis, fluorescence spectroscopy was
used to evaluate compound’s anion binding characteristics. The UV—Vis titrations
were done in DMSO (Fig. 9), while the fluorescence titrations (Fig. 10) were done
in tetrahydrofuran (THF) using aliquots of different anions’ solutions. With a given
receptor, a given moiety does not produce emission spectra; however, adding the

Absorbance
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0.4 4

0.3 1
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0.1 4

—

0 - v — v o ? g g ¥ v A
250 275 300 325 350 375 400 425 450 475 500 525 550 575 600

Wavelength (nm)

Fig.9 Absorption Spectra of naphthyl moiety of TCA on addition of fluoride in DMSO.
Reproduced from the Ref. [50]. With permission from Elsevier, License no: 5225800767732
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Fig. 10 Fluorescent emission Spectra of naphthyl moiety of TCA on addition of fluoride in THF.
Reproduced from the Ref. [50]. With permission from Elsevier, License no: 5225800767732

F~ (fluoride) ion to the moiety produces an emission spectra band. The increased
selectivity of fluoride ions with a specific receptor is revealed by the spectrum data.
The fluoride ions (F~) are responsible for the rise in emission spectra, which is
explained by the intramolecular pi—pi interaction excimer production between two
naphthyl moieties. The intermolecular binding interaction of fluoride ions with the
-NH group of thiourea moieties maintains this intramolecular connection. In diverse
approaches, Kumar et al. [51] produced fluorogenic chemo-sensors for fluoride and
cyanide ions of thiacalix[4]arene. The proximity of fluoride particles causes the fluo-
rescence discharge to go into an “on state,” whereas the proximity of cyanide particles
causes “ratiometric conduct.” The intramolecular charge transfer mechanism (ICT)
[52] and high selectivity to fluoride (F~) with increased Monomer emissions and
cyanide (CN7) ions with ratiometric character are provided by this pyrene-based
fluoride sensor (i). The anionic recognition (sensing) absorbance and emission has
been depicted in Table 1.

7 Outline of Work

We have shown that several important intermediates for the upper-rim functional-
ization of thiacalixarenes are now available. They have shown nice cubic nonlinear
optical properties, which make them interesting candidates for optical applications.
Significant advances in the knowledge of the chemistry of those macro cycles have
been reported.
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1 Introduction

Silicon (Si) has attracted immense importance as compared to other materials due
its easy availability as silica, silicates silane, environmental friendliness and other
novel properties [1, 2]. Si can be derived from various sources like rice husks [3—
51, kaolinite [6], natural clay [7], sand [8—10], waste windshields [11], LCD [12],
glass fibres [13], glass bottles [14, 15], etc. However, bulk Si shows inadequate
properties as an active material; therefore, to overcome this, nanostructures of Si
can be designed. Si with nanostructures exhibits outstanding functional properties in
enormous fields [16] such as sensors [17, 18], drug delivery [19], bio imaging [20],
catalysts [21], energy storage devices, solar cells [22], photovoltaics and flat-panel
displays [10]. For the synthesis of Si nanostructures, various physical and chemical
methods have been followed since decades such as ball milling, hydrothermal [23],
chemical vapour deposition[24], laser ablation [25], reverse micelle process [26] and
various metallothermic reduction approaches such as carbothermal, calciothermic,
aluminothermic and magnesiothermic methods [8]. Most of these methods are limited
owing to the involvement of toxic and expensive reactants, time-consuming compli-
cated procedures and intensive energy usage. Therefore, in order to address a cost
effective facile synthetic route to prepare Si nanosheets, magnesiothermic reduction
method has turned out to be an excellent and efficient approach. This is due to the
involvement of low operating temperature for reduction process and easy removal
of the by-products [27, 28].

Herein, waste broken borosilicate glasswares collected from the laboratory has
been utilized as a source for the production of silicon nanosheet (Si-NS). High silica
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content, absence of preheat treatment and preacid leaching treatment making it appro-
priate for the direct use, and moreover contribution in recycling waste glass makes it
worthwhile as a source of SiO, as compared to other source materials. The production
of Si-NS has been performed via magnesiothermic reduction method. However, this
reduction method gets significantly affected by various reaction parameters. And so,
in this work, the noteworthy effect of molar ratios of the feed glass and magnesium
reductant on the morphology and structure of Si-NS has been investigated.

2 Experimental

2.1 Materials

Waste borosilicate glasswares (WG) were collected from laboratory which were
further crushed, then ground and sieved to get fine glass powder of required size.
All the chemicals used for synthesis were of analytical grade and were used without
involving any further purification. Magnesium powder (Mg) of 99.8% purity was
purchased from Sigma-Aldrich. hydrochloric acid (HCI) and hydrofluoric acid (HF)
were obtained from Merck India Pvt. Ltd and used as obtained.

2.2 Synthesis of Silicon Nanosheet (Si-NS)

About 3 g of waste borosilicate glass powder was well mixed with magnesium powder
in three sets of different combination of molar ratios (WG: Mg) 1:0.5, 1:1 and 1:2
using mortar pestle. The mixtures were transferred to respective crucibles and kept
for calcination in muffle furnace for 5 h at 650 °C. The after heat treated products
were leached with 5 M HCI acid to etch out the Mg by-products such as MgO and
Mg, Si and followed by thorough washing with deionized water (DI H,O). To remove
the unreacted SiO,, it was further etched in 0.2 wt% HF acid for 1 h with subsequent
washing with DI H,O. The final samples thus collected were dried in hot air oven
at 120 °C for 4 h, labelled and stored in desiccator. The samples were labelled as
MxGy where ‘M’ stands for magnesium, ‘G’ stands for waste glass and ‘X’ and
‘Y’ in the subscript denote molar ratio of magnesium and waste glass, respectively
[4, 6,9, 11-13, 30].
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2.3 Characterization

All the product samples were subjected to phase analysis using X-ray diffractometer
(XRD). The morphology of the samples was analysed using scanning electron
microscope (SEM) and transmission electron microscope (TEM).

Electron microscopy

The surface morphology of feed glass powder, magnesium and each of the product
samples were initially analysed using SEM equipped with energy dispersive X-ray
spectroscopy (EDS), JSM-6010 LA from Jeol Asia Ltd. Ultra-trace quantity of the
sample powder was spread on a double-sided carbon tape stuck on to the SEM sample
holder; sputter coated with a thin layer of gold—palladium and was used for SEM
analysis. Transmission electron microscopy (TEM) on selected samples was done
using TEM (JEM 1400 Plus from Jeol Asia Ltd.). The powder sample was dispersed
in acetone and was spread on the TEM grid; evaporated the acetone under IR lamp
and was used for TEM analysis.

X-ray Diffraction analysis

The feed and product samples were characterized using X-ray Diffraction technique.
The XRD studies were done on the XRD system and Rigaku Smartlab 2. A known
quantity of the sample powder was loaded in the XRD sample holder and was scanned
using Cu Ka X-Ray radiations having wavelength of 1.54 A, in the 26 range of
10°-80°.

3 Results and Discussions

3.1 Synthesis of Silicon Nanosheet

The synthetic procedure of Si-NS involves the mixing of feed glass (G) powder and
magnesium (M) in different combinations of molar ratios (G:M) of 1:0.5, 1:1 and
1:2 as depicted in Table 1. These mixtures are kept in muffle furnace at 650 °C
for calcination, where SiO, contained in feed glass powder gets reduced by Mg to
produce Si along with some other Mg by-products (Eq. 1). The heat treated sample

Table 1 Molar ratios of the feed glass and magnesium for the synthesis of silicon nanosheet

S.No. | Sample code | Molar ratio Glass (G): Magnesium | Reaction condition

M)
My.5G1 1:0.5 650 °C; 5 M HCI; 0.2 wt% HF
2 MG 1:1 650 °C; 5 M HCI; 0.2 wt% HF

M,Gy 1:2 650 °C; 5 M HCI; 0.2 wt% HF
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is then etched in 5 M HCl followed by 0.2 wt% HF to leach out Mg by-products and
unreacted SiO,, respectively.

Generally, when Mg is present in excess, there can be a side reaction because
excess Mg starts reacting with Si instead of SiO; to form magnesium silicide Mg, Si
(Eq. 2) [10, 13, 29]

Si0s(s) + 2Mg (g) — Si(s) + 2MgO (s) (D

Si(s) + 2Mg (2) — Mg,Si (5) @)

In case of insufficient Mg in the mixture leads to the formation of magnesium
silicate (MgSiQ,) at the interface of SiO, and MgO (Eq. 3) [29, 30].

SiOy(s) + 2MgO (s) — Mg,SiO4(s) 3)

3.2 Experimental Observation

The physical appearance of the feed mixture and product samples is shown in Fig. 1.
From Fig. 1, it has been observed that there is a change in the colour of the samples
with different combinations of molar ratios before heat (BH) and after heat (AH)
treatment which confirms the completion of magnesiothermic reduction. It is also

Fig. 1 Appearance of the samples before heat (BH) and after heat (AH) treatment with different
ratios a M()A5G1_BH b M0A5G1_AH C M]G] _BH d M1 G1 _AH € MzGl_BH f MzG]_AH
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observed that the colour and texture of after heat treated samples have changed with
increase in the magnesium content in the feed mixture. The colour intensity of the
after heat treated samples (Fig. 1b, d, f) is seen to be reduced from dark to light
with increase in the Mg ratio. This confirms that there is an effect of molar ratio of
reactants on the product morphology.

3.3 Effect of Molar Ratio on the Morphology of Silicon
Nanosheets

In order to study the morphology, the SEM images with different magnification and
corresponding EDX spectrum have been taken for all product samples which are
shown in Fig. 2. It is clear from Fig. 2 that there is an effect of different molar ratio
of feed mixture on the morphology and structure of Si-NS.

As it is shown in Fig. 2a, b, very few sheet like structures are found but mostly
arranged in conglomerated form with no pores. The EDS in the inset of Fig. 2b
shows the presence of Mg and O along with Si peak. This is due to the insufficient
magnesium at the SiO,/Mg reaction interface which further favouring the formation
of Mg,Si0O4 via Eq. 3. The reaction between SiO, and MgO devour SiO, completely
and thereby reduces the yield of Si. The silicate of magnesium formed is not easily
removed with the use of HCI, thereby it affects the properties of the Si product
[29, 30].

It is observed from Fig. 2c and d, that sheets are arranged in a well-defined
honeycomb like morphology with porous structure which is attributed to the complete
reduction of SiO; to pure Si. The EDS in the inset of Fig. 2d also confirms the
formation Si. This is also further confirmed by XRD analysis.

From Fig. 2e and f, it is observed that higher magnesium content shows agglom-
erated structure which is due to the uncontrollable reaction between Mg and Si and
leads to the formation of Mg,Si via Eq. 2 that consequently restricts the complete
conversion of Si0,. EDS in the inset of Fig. 2f also indicates the presence of O along
with Si [10, 13]. Therefore, a huge amount of unreacted SiO, is found to be present
in the final product that can be attributed to the insufficient concentration of HF or
inadequate time for the etching purpose.

3.4 Comparative Study of Surface Morphology of Feed Glass,
Magnesium and Product with 1:1 Ratio

The morphology and structure of feed glass, magnesium and product sample
(M Gj)are shown in Fig. 3. The SEM images in Fig. 3 depict the significant differ-
ence in the morphology of the precursor materials feed glass, magnesium and the
final product Si-NS (M| G,). The feed glass and magnesium are showing an irregular
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1400 10pm  —

WD14mmSS31

Fig. 2 SEM images of a Mo sGj low magnification; b Mg sG; high magnification with inset EDS;
¢ M G; low magnification; d M| G; high magnification with inset EDS; e M2 G| low magnification;
f M>G; high magnification with inset EDS

shape with micron-sized particles as shown in Fig. 3a, b. Figure 3c, d further confirm
that after etching process, there is the formation of Si-NS arranged in honeycomb
pattern along with porous structure.
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’ Vi

WD11mmS529 x1,800  10pm

Fig. 3 SEM images of a feed glass; b magnesium; ¢ MG low magnification; d MG high
magnification

3.5 SEM and TEM Analysis of Silicon Nanosheet
with (M:G) 1:1 Ratio

The SEM image of M; G, (Fig. 4a) shows the formation of Si-NS that are arranged
in honeycomb structure containing pores. This is further confirmed by TEM study

Fig. 4 a SEM image of M1Gy; b TEM image of MG
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which also confirms the formation of Si-NS with porous structures (Fig. 4b). The
generation of highly porous structure is attributed to the selective etching of Mg
by-products, and the sheet formation is regarded as the complete reduction of SiO,
to Si.

3.6 Phase Analysis by XRD

The study for purity and phase determination of Si-NS (M;G,) along with feed glass
(WG) is investigated by wide angle powder XRD. Transformation of amorphous
phase of SiO, to crystalline phase of Si has been observed from the XRD patterns.
The XRD pattern of WG (Fig. 5; bottom) shows a hump centred at 26 equal to
22° indicating the amorphous nature. The diffraction pattern of M;G; (Fig. 5; top)
showing narrow and sharp peaks without amorphous scattering, assures the well
crystalline nature of Si. The pattern displaying obvious peaks at 2e of 28.8°, 47.8°,
56.7°,69.7° and 77.1° of Si that corresponds to (111), (220), (311), (400) and (331)
planes, respectively, are well indexed with typical cubic phase of Si (JCPDS 27-1402)
[12, 15].

4 Conclusions

In a nutshell, Si-NS has been successfully synthesized by utilizing waste borosilicate
glasses as a silica source via scalable, low cost and facile magnesiothermic reduction
method. In this research, the effect of molar ratio of feed mixture for a cost-effective
production of Si-NS has been studied by keeping all other parameters constant. SEM



Effect of Molar Ratio of Feed on the Facile Synthesis ... 139

and TEM analysis revealed that 1:1 ratio exhibit excellent formation of nanosheets
arranged in well-defined porous honey comb structure. This unique porous nanos-
tructure has originated from Mg diffusion and reaction with SiO, precursor followed
by acid leaching process. The ratio of nearly one would lead to complete reduc-
tion of SiO, to Si. However, lower and higher molar ratios lead to the formation of
reaction by-products like Mg, Si04, Mg,Si and unreacted SiO,, respectively, hence,
causes low yield of Si. It is strongly believed that following this low cost, sustainable
synthetic approach and application of Si-NS using waste glass can be a promising
solution for waste glass management.
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Metal-Organic Frameworks (MOFs) )
for Heterogeneous Catalysis T

Tapan K. Pal

1 Introduction

By definition, a catalyst is a substance that enhances the rate of a reaction without
being consume or partly exhausted in the reaction. With the help of suitable cata-
lyst, the desired reaction can be achieved with high conversion and selectivity under
milder conditions. The term catalyst is already in human backbone since ancient
age. Catalytic methodologies were utilized by several civilization to produce alcohol
for beverages and preservation purpose, agricultural uprising via ammonia synthesis
and bulk scale synthesis of chemicals [1]. Currently, the utilization of catalyst in
every aspect is significantly increase in the production of over 10,000 products with
worth $10 trillion annually corresponds to the world 15% gross domestic product
(GDP). These figures itself carrying the significance for the importance of cata-
lyst in various scientific research fields like chemistry, chemical engineering and
materials science. Conventionally, all the catalysts are generally dividing into two
major classes: homogeneous and heterogeneous catalyst. Both the systems are asso-
ciated with the some pros and cons. However, the heterogeneous catalyst is prefer
over homogeneous catalyst in terms of separation and purification of product, cata-
lyst separation, recycling, etc. [2]. Thus, for real-time catalytic process and indus-
trial application on a pilot scale, the heterogeneous catalyst is always desirable [3].
Recently, the metal-organic frameworks (MOFs) are the new emerging field of crys-
talline porous materials which behave as a promising heterogeneous catalyst [4].
The characteristic structural features of MOFs bestow them as a heterogeneous cata-
lyst: (a) hybrid inorganic—organic architect, (b) potential for rational construction,
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Scheme 1 The role of
different active sites in MOF
for catalytic reaction

(c) dynamic structural flexibility, (d) controllable pore size and surface, (e) well-
defined porosity, (f) post-synthetic ability and (g) last but not least the crystallo-
graphic recognition of atomistically location of catalytic active centre throughout
the network allow us to establish the mechanism of the reaction. Indeed, these are
the special features always reside on researchers mind as a wish list for catalytic
engineering. The catalytic activity of MOF can be exhibited due to the presence of
active metal centres/open metal sites (knows as Lewis acidic site), Lewis basic site
and sometimes the bifunctional cooperative activity from both of them [5]. More-
over, the post-synthetic modification (PSM) allows for the inclusion of nanoparticles,
[6] reactive metal complexes and the organocatalytic moiety [7] to accomplish the
catalytic activities (Scheme 1). In this mini book chapter, we have presented the
thermal catalytic activities of MOF for C—C bond formation.

2 Acid-Promoted Catalytic Reaction in MOF

Quite well known the open metal site behaved as a Lewis acidic in nature. During
MOF synthesis, it is not always possible to have open metal site. Sometimes by
removing weakly coordinated solvent molecules from the metal nodes or secondary
building unit (SBU), the Lewis acidic site can be created for catalytic reaction.
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Fig. 1 Existence of various Mn(II) active sites exposed to the pore of the microporous MOF and
its performance in the catalytic reaction

First catalytic reaction was reported by using cadmium based 2D MOF, where the
as-synthesized MOF contains open metal site that performed facile cyanosilylation
reaction between trimethylsilylnitrile and different aromatic aldehydes [8]. With the
concept on open metal site, an amino acid derivative linker was used to construct a
copper-based MOF, Cu(II)-MOF which contains distorted square-planar metal geom-
etry with vacant site at axial position that efficiently accomplished cross-coupling
reaction between imidazole and variety of arylboronic acids with very good yield
in the range 55-97% [9]. In an another report by exposing of two different open
Mn(II) centres in a microporous MOF (Fig. 1), the size selective cyanosilylation and
Mukaiyama-—aldol reactions were performed [10].

By removing weakly bound solvent molecules from the metal centres to generate
catalytic active site for the execution of catalytic reaction is also possible. A copper-
based MOF was solvothermally synthesized that consist paddle wheel SBU with
water molecule at the axial position [11]. By thermal activation, the removal of
these axial water molecules to produce Lewis acidic open metal site that displayed a
series of three component one pot Biginelli reaction between different derivatives of
aromatic aldehyde with ethyl acetoacetate in presence of urea with moderate to good
yields. The incorporation of cuprous metal centres in Ti-based MOF, MIL-125-NH,
is achieved by two steps: First, the abstraction of proton from ,-OH and then the
ion exchanged with cuprous ion. The resulting MOF showed the hydrogenation of
CO; to ethylene [12]. The presence of free acidic functional moiety is responsible
for such high catalytic activity. When a linker having a number of carboxylic acid
groups, it is quite conceivable to have MOFs where one or more carboxylic acid
groups are remain free. These free Bronsted acid groups can execute the CO, fixation
reaction with epoxide to cyclic carbonate. The free acidic site can activate the epoxide
ring and CO; for the synthesis of desired product. For instance, a 3D framework,
[Ni(btzip)(H,btzip)]-2DMF-2H, O contains free acidic carboxylic groups (Fig. 2) as
an acidic heterogeneous catalyst for CO, fixation reaction [13].

The inclusion of new metallic centre or catalytically active site through PSM
process, the catalytic reaction can be accomplish. With this process, the attaching of
organocatalysis on the vacant metal sites in SBU is very attractive to bring the catalytic
activity in MOF. An efficient organocatalytic compound 3/4-ppc is covalently link
to the vacant chromium sites in MIL-101(Cr) (Fig. 3) [14]. The daughter MOFs
performed aldol condensation reaction between variety of ketones and aldehyde with
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Fig. 3 PSM process to bring active organocatalytic site in MIL-101(Cr) to form C- MIL-101(Cr)
to execute the aldol condensation reaction. 4-ppc=(S)-N-(pyridin-4-yl)-pyrrolidine-2-carboxamide
and 3-ppc=(S)-N-(pyridin-3-yl)-pyrrolidine-2-carboxamide

yield in the range from 60 to 90% and the framework showed enantio-selectivity in
case of R-isomers with enantiomeric excess 55-80%.

3 Linker-Promoted Catalytic Reaction

Another important component of MOF is linker. Several important properties
including catalytic abilities can be tuned by choosing proper ligand [15]. The linker
containing preconceived catalytically active site, then the MOF derived from it,
would perform the catalytic reaction very efficiently. One of the interested exam-
ples is by incorporation of catalytically active proline moiety on the linker back-
bone to derive a catalytically active porous MOF, L, PRO [16]. This MOF showed
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Fig. 4 Synthesis of
L, PRO and its application
in Baylis—Hillman reaction

Baylis—Hillman reaction between ¢, 8-unsaturated carbonyl compounds with variety
of aromatic aldehydes in presence of imidazole as a cocatalyst (Fig. 4).

Recently, a chromophoric ligand, triphenylene-2,6,10-tricarboxylate, has been
installed in the MOF network to efficiently performed the CO, valorization [17]. In
another approach, the judicial selection of linker is leverage us to perform the PSM
process to induce the catalytically active site. A well-known MOF, IRMOF-3 where
the amino functionality on linker BDC-NH,, is nicely oriented throughout the pore
of the channel (Fig. 7).The stepwise PSM process of -NH, with salicylaldehyde
followed by reaction with NaAuCly to generate IRMOF-3[Au] (Fig. 5) [18]. Quite
interestingly, the IRMOF-3[Au] performed the three-component coupling reaction
between piperidine, paraformaldehyde and acetylene moiety with very good yield
(Fig. 5).

Sometimes the linker containing metal ion, i.e. the metalloligand, can deliver
the MOF for various catalytic reactions. A three different zirconium-based MOFs
(mPT-MOF-Ir, BPV-MOF-Ir and mBPV-MOF-Ir) were synthesized from a various

=
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Fig. 5 Post-functionalization of IRMOF-3 with salicylaldehyde followed by NaAuCly to produce
IRMOF-3[Au] and its catalytic application
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Fig. 6 Schematic presentation for the synthesis of three different zirconium-based MOF from
metalloligands containing iridium metal ion as a catalytically active centre and the various catalytic
activities displayed by them

metalloligands, and all the ligands are containing iridium metal ion (Fig. 6) [19].
These MOFs were able to perform the tandem catalytic reaction such as ortho silyla-
tion, hydrosilylation of N-methylbenzyl amines and aryl ketones/aldehydes, respec-
tively. In addition, the aromatic C—H bond underwent the borylations reaction. All
the catalytic reactions were executed at the iridium metal centre that is present in
the metalloligand of the corresponding MOFs. Here, the chelating capability of the
ligand can easily form chelate with the iridium metal ion to make the facile synthesis
of metalloligand. Likewise, iridium ion chelate, the similar concept was used for the
formation of rhodium-based metalloligand towards the synthesis of MOF catalyst.
Well-known MOF, UiO-67 underwent PSM process with metalloligand, Cp*Rh(5,5’-
dcbpy)Cl (Cp*=pentamethyl cyclopentadiene) to furnished Cp*Rh@UiO-67 that
demonstrated photocatalytic reduction of CO, to formate [20]. Recently, by using
same chelating fashion the silver ion post-synthetically incorporated inside the nitro-
functionalized MOF, to delivered excellent catalytic host. This material demonstrated
the conversion of CO, with propargylic alcohols to propargyl carbonate at room
temperature in presence of base and acetonitrile as solvent [21]. The porphyrin ligand
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is behaved as well-known metalloligand because of its ability to take up metal ion in
the core of the porphyrin ring. With this concept, several porphyrin-based MOFs were
synthesized for the formation of C—C bond in several organic transformation reac-
tions such as olefin epoxidation, cyclic carbonate synthesis, acyl group transfer, etc.
[22, 23]. Similar to porphyrin, salen ligand can also accommodate the metal ion in its
pocket and the MOF decorated with salen ligand can perform catalytic reaction [24,
25]. Recently, by taking cyclam moiety as a linker backbone, a suitable MOF catalyst
would be constructed. For instance, macrocycle 1,4,8,11-tetraazacyclotetradecane
(cyclam) was synthesized with two carboxylic groups at the two diagonally opposite
C-atoms to delivered [Cu(cyclam’)]** or [Ni(cyclam’)]** where each metal ion is
securely occupied the cavity [26]. This acted as a linker to Zrg clusters (Fig. 7) to
form framework structures, VPI-100 (Cu) and VPI-100 (Ni). While the metal ion in
the cavity was easily accessible by epoxides, the Zr*+ ion with empty coordination
sites showed good CO, uptake capacity. This helped in the reaction of CO, with
epoxides, including sterically encumbered ones with tetrabutylammonium bromide
(TBAB) being the cocatalyst.

Alternatively, one can induce the catalytic power within the MOF by impregnation
or encapsulation of nanoparticles (NPs) [27]. MOFs by virtue of its high surface area
and functionalization ability can assist to cultivate the NPs inside the MOF cavity
without disturbing the MOF network. To derive an efficient catalytic materials the
shape, size and dispersion of the NPs are very crucial and MOFs are the promising
candidates in this regards [28]. A gold NP impregnated within MOF-199 through
microwave irradiation to form Au@MOF-199 for the execution of three-component
coupling reaction between phenylacetylene, piperidine and paraformaldehyde [29].
The reactivity of gold loaded nanoparticle MOFs is much superior compare to the
pristine MOF-199. Literature survey revealed that the tandem catalytic reaction
by NP@MOFs are also realized. A well-known compound methyl isobutyl ketone
(MIBK) was synthesized from ketone with the help of Pd@MIL-101 composite [30]
under very low hydrogen pressure (7.5 bar). In general, for the synthesis of MIBK,
the high pressure of hydrogen was required (50 bar). However, the presence of strong
acidic moiety and the presence of palladium NPs the essential steps such as conden-
sation followed by dehydration and then hydrogenation were executed very smoothly
to delivered high conversion of acetone to MIBK under low pressure of hydrogen.
Apart from the single NPs, the inclusion of bimetallic NPs within MOFs are also
important for the tandem reaction. For example, PAAg@MIL-101 was synthesized
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by double solvent method for catalysing the tandem reaction (Fig. 8) [31]. The beauty
of this catalytic system is the presence of acidic moiety in the MOF and the palladium
NPs control the hydrogenation steps, whereas the silver NPs regulate the selectivity
of the reaction. Thus, this composite demonstrated the higher conversion and better
selectivity for this tandem reaction compared to the mixture of Ag@MIL-101 and
Pd@MIL-101. The role of NPs @MOF also exerted for the C—C bond formation in the
synthesis of cyclic carbonate. The MOF, UiO-66-NH, was loaded with Ni nanopar-
ticles to have Ni@ZrOF [32]. The catalytic activity by Ni@ZrOF in presence of
TBAB was significant due to the synergistic effect of Zr** and Ni°.

4 Homochiral MOFs for Catalytic Reaction

Homochiral MOFs are the smart catalytic materials as it has the ability to carry
out asymmetric catalysis reaction under mild reaction condition. Apart from hetero-
geneous catalytic behaviour, the high surface area, easy installation of catalytically
active site and creation of homochiral environment throughout the network, the MOF
materials are highly attractive to scientific community [33]. Two carboxylate organic
likers having spiro-type backbone were used to construct two highly porous Zr-
based homochiral MOFs, spiro-1 and spiro-2 with the same topology, sjt (Fig. 9)
[34]. Importantly, both the ligands consist phosphoric acid group which is hanging
on the linker as a catalytic site to carry out catalytic reaction. Quite interestingly,
the free acid group and Lewis acidic Zr(IV) part in MOF assist nicely to perform
the cascade enantioselective asymmetric diacetalization-acetalization and Friedel—
Crafts reaction with excellent yields. When bulky substrates were used then the yield
of the desired product were less in both the catalytic reaction. This indicates that the
catalytic reactions are occurring inside the pore of the MOF cavity rather than the
surface of MOFs.
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Fig. 9 sjt topology with Zrgclusture developed from two different carboxylates organic linkers
having spiro-type backbone

A highly stable and porous zinc-based  homochiral = MOF,
[Zn4O(L1)32]-16H,O-4THF was synthesized that underwent PSM process with the
exchange of H atom of the —OH group by the lithium ion from n-BuL.i (Fig. 10) [35].
However, by control tuning of the mole ratio of n-BuLi and MOF, two daughter
frameworks MOF-Lil and MOF-Li2 were derived which are efficiently executed
the enantioselective asymmetric cyanohydrin reaction between benzaldehyde with
Me;SiCN. The superior reaction rate and excellent yield of the desired product (ee >
99%) were noticed with the aldehydes containing electron-withdrawing substituents.

Various homochiral MOFs are reported based on the BINAP or BINOL backbone
in the organic linker to accomplished the enantioselective asymmetric catalytic reac-
tion [36, 37]. By using homochiral MOF, the synthesis of chiral cyclic carbonate is
also achieved. To accomplished this, a chiral polyoxometalated MOF was synthe-
sized from Zn(NOj3),-6H,0, L-BCIP, TBA;W 003, and 4,4’ -bipyridyl (Fig. 11) [38].
The chiral framework is capable to showed CO, fixation reaction with chiral epoxide
(R/S) for enantioselective synthesis of chiral cyclic carbonate (ee > 90% and yield
> 99%) with TBAB as a cocatalyst. Importantly, the framework can also display

OH 7003, 6H,0
—_—

DMSCOITHFH,0
100°C. 48 h

°Q
Il

HO"S0  Zn,0(0;Ck

H,L, [Z0,0(Ly)3o 16H,0-4THF (1) 1-Li (X=H), 1-Li, (X=Li)

Fig. 10 a Schematic representation for MOF formation followed by lithiation, b 3D network along
crystallographic a axis
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Fig. 11 a Homochiral framework is showing all the catalytically active components and b
schematic presentation for the tandem conversion of alkene to cyclic carbonate

the enantioselective tandem catalytic reaction in the conversion of styrene to chiral
phenyl carbonate in presence of butylhydroperoxide and CO, under milder reaction
condition. The presence of Lewis base—NH, is assisting to enhance the CO, concen-
tration, and ZnW ,04°" strongly activated the catalytic reagent to exert excellent
yield and enantiomeric excess in this one pot cascade reaction.

5 Conclusion

MOF as a catalytic system possesses a potential activity of homogeneous and
heterogeneous component into the single solid matrix. Mainly, by virtue of its
numerous design possibilities, MOFs are recently appeared as a suitable podium
in various catalytic applications. In this chapter, we have covered the installation
of various active catalytic sites and their role in the catalytic reaction. However,
several progresses have been achieved still researchers are trying to find the method
to conduct the catalytic reaction under very benign condition such room temperature,
normal atmospheric pressure, etc. All these parameters would be manipulated by the
excellent features of MOFs, but still ample room is available for development and
exciting chemistries to be discovered. By considering outstanding features of MOFs,
the scientific community strongly trust that MOFs will garner favourable attention as
a brilliant catalytic stalwarts in near future. The wide spectrum of catalytic method
by MOFs paves the way towards its versatile applicability. For instance, the photo-
catalytic and electro chemical catalytic application of MOFs towards the forma-
tion of C—C bond. Some factors needs to consider in electrocatalytic application
by MOFs: challenges in stability, conductivity and overall the efficiency. Similarly,
for photocatalytic catalytic reaction apart from stability, the other important issue
is the light absorption ability of the MOFs and/or it’s composite. Literature survey
revealed those issues have been continuously taking care very nicely by scientific
community. However, for large-scale application MOFs are still in infancy stage as
MOF-based catalytic system barely encounters the industrial requirements. Thus,
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judicial design and manipulation of experimental conditions are very imperative for
real-time application.
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3D Hierarchical V and N-codoped M)
MoS,/rGO Composite as a Potential Rt
Electrode Material Towards Hydrogen
Evolution Reaction in Acidic

and Alkaline pH

Saikat Bolar, Subhasis Shit, Naresh Chandra Murmu, and Tapas Kuila

1 Introduction

Hydrogen energy is becoming a contemporary sustainable and renewable resource
that can overcome the global energy crisis. High energy density (120 kJ mol~)
and zero carbon emissions are the main driving factors for creating the interest on
hydrogen production globally [1, 2]. Currently, hydrogen is mostly produced coal
gasification technique which is not an environment friendly approach [3]. There-
fore, hydrogen production by water electrolysis is attracting more attention globally.
However, ~5% of the total hydrogen is produced by electrolysis. The use of potential
electrocatalysts has a significant impact on water electrolysis [4]. The volcano plot
suggests Pt as a promising electrode material for hydrogen evolution reaction (HER)
through water electrolysis [1-5]. The low efficiency, slow kinetics, high overpoten-
tial, good durability, and high cost of electrocatalysts limit sustainable hydrogen
production. In order to mitigate these issues, it is necessary to design low-cost, high-
efficiency, durable, and selective electrocatalysts [6—12]. Recently, 2D molybdenum
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disulphide (MoS,) has gained attention in electrochemistry owing to the layered
structure. The D-band electronic structure of MoS; is analogous with Pt. Therefore,
MoS; has received extensive attention as the HER electrocatalyst [2]. However, high
resistivity, poor surface active sites, unused crystal faces, and limited operational
stability limit the wide applications of MoS, as a HER catalyst [2-5]. In this regard,
it is necessary to overcome the limitation related to MoS,. Doping is an emerging
technique that improves the electrocatalytic activity by changing the crystal struc-
ture. Therefore, doping engineering is an emerging technology that can trigger the
inert basal plane of 2D MoS, through the creation of strain and vacancies engi-
neering [2, 5, 13-17]. Howeyver, in some cases, doping may form defects inside
the crystal structure and improve the catalytic performance [2, 7, 9]. On contrary,
in harsh electrolyte media, aerial oxidation, and low operating stability reduce the
wide applicability of MoS, or MoS,-supported electrocatalysts. Recently, carbon-
containing materials have received considerable attention in catalyst synthesis due to
the improvement in catalytic stability and electronic modification during composite
formation [18]. Retention in harsh electrolytic media, high natural abundance, and
huge structural robustness are considered as the significant advantages of carbona-
ceous materials as electrode material. Previous studies have shown that CVD-grown
graphene and reduced graphene oxide have poor electrolytic performance in HER
[7-15]. Most importantly, the high geometric surface area, outstanding electrical
conductivity, excellent thermal stability, and tremendous mechanical strength of
graphene encourage the researchers to investigate its effect on the catalytic perfor-
mance of HER [7, 10, 18]. The synergistic effect within the composite structure has
gained tremendous attention due to the improvement of catalytic performance. In
this context, there is an urgent need to develop nanostructured composite materials
to promote HER and receive great attention under different pH environment. Herein,
a defect-rich V and N co-doped MoS; embedded in reduced graphene oxide (rGO)
to prepare VNMSG composite by in situ hydrothermal technique. V and N doping
appreciably modified the electronic structure of MoS, as reflected in the electrochem-
ical analysis. The conductive rGO nanosheets improve the catalytic performance of
VNMSG by decreasing the resistivity, catalytic stability, and activating the inert
basal plane. The synergistic effect between MoS; and rGO nanosheets enhances the
electrocatalytic performance in VNMSG.

2 Experimental Section

2.1 Material

All chemicals including, graphite powder (>99.5%, Sigma Aldrich), sulphuric acid
(H,S04, >95-98%, Merck, India), nitric acid (Merck, India), potassium perman-
ganate (KMnQO,, (Merck, India), hydrogen peroxide (H,O,, Merck, India), sodium
meta vanadate (NaVOs3, Sigma Aldrich), thioacetamide (CS(NH;),, Sigma Aldrich),
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ammonia (33%, Merck), sodium dodecyl sulphate (SDS, SRL, India), sodium
molybdate dihydrate (Na,MoO4-2H,0, SRL, India), ethanol (98%, Himedia), and
hydrochloric acid (HCI, 30%, Merck, India) were applied without further purification.

2.2 Synthesis of Vand N Co-Doped MoS; (VNMS)

Vanadium and nitrogen were synthetically doped in MoS, by one-pot solvothermal
method. Typically, requisite amount of precursors were taken in a beaker and stirred
vigorously in 1:1 ethanol-water mixture for ~30 min. SDS was added (greater than
CMC value) as a surfactant in the solution. The mixture of solution is kept inside
the hydrothermal reactor for 18 h at 180 °C. A black-coloured product was obtained
after filtration which again dried at 60 °C under vacuum oven. The resultant product
was dispersed in 40 ml of water-ethanol (1:1) mixture-Solution A.

2.3 Synthesis of V and N Co-Doped MoS>/rGO (VNMSG)

Graphene oxide (GO) was synthesized as illustrated in our previous report [19]. The
two solutions (solution A and B) were mixed in a 1 L flask by drop-wise addition
of continuous stirring for 2 h. The resultant solutions were transferred into Teflon
lined hydrothermal reactor and kept for 8 h at 120 °C. A black-coloured product was
obtained by filtration and successive drying method.

2.4 Physicochemical Analysis

X-ray diffraction (XRD) patterns of the electrocatalyst were recorded with D2
PHASER, Bruker, Germany using Cu Ka radiation (A = 0.15418 nm). Raman
spectra of the electrocatalysts were performed in a 100 nm sample spot size at
a constant laser wavelength of 532 nm using Witec alpha 300 R. Field emission
scanning electron microscopy (FE-SEM) image was collected from ) igma HD,
Carl Zeiss, Germany. High-resolution transmission electron microscopy (HR-TEM)
images were recorded with JEM 2100 h-TEM (Make JEOL, Japan). X-ray photo-
electron spectroscopy (XPS) was carried out with Thermo Shimadzu ESCA 3400 by
monochromatic X-ray source.
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2.5 Electrode Fabrication

Catalytic ink was composed of ~5 mg of electrode material and 5 mL of stock solution
(contain ~100% ethanol and 0.4 volume percentage of Nafion®, 10 wt percentage of
carbon black, and DI water) in an ultrasonic bath sonicator for 45 min. Thereafter, the
catalytic ink was deposited over the graphite rod electrode with a catalytic loading
of 0.5 mg cm~2 having diameter 6 mm which again dried under room temperature
at around 298 K. The electrochemical analysis was performed at 298 K using poten-
tiostat/galvanometer (PARSTATE 4000) at 1 M KOH (pH ~ 13) and 0.5 M H,SOq4
(pH ~ 1) electrolyte, respectively. The carbon rod electrode and Ag/AgCl electrode
(saturated KCl solution) were used as the counter electrode and reference electrode,
respectively.

All the electrochemical data were converted into the reversible hydrogen electrode
(RHE) scale by using the following electrochemical equation: [2, 5]

Erue = Eag/agel/sakcl + 0.059pH + 0.197 (1)

A number of voltammetric cycles were collected at 100 mVs™! scan rate prior
to record the LSV plot. The current densities values were obtained by dividing the
current response value with the geometric area of the working electrode. The linear
scan voltammetry (LSV) was performed at low scan rate of 5 m Vs~ to avoid electric
double-layer charging current. The series/uncompensated resistance is eliminated by
iR correction method. The Tafel slope value is acquired from the Tafel equation (2).
(2, 5]

n=a+blogj @)

The electrochemical parameters like 7, j, and b represent the overpotential, current
density, and Tafel slope, respectively. For HER, the overpotential (1) was obtained
by subtracting potential from zero (n = 0 — Ergg) [2, 5, 20].

The electrochemical active surface area (ECSA) and the roughness factor (RF)
were calculated from the non-faradic capacitive current related to electrochemical
double-layer capacitance (Cq;) values collected from the following equations [2, 5,
201

C
ECSA = & 3)
Cs
ECSA
RE = (4)

" Geometric Area of Electrode

C, is the specific capacitance of an automatically smooth planer surface of the
working electrode. The area normalized specific capacitance was found to be 40
and 35 U,FCIII_Z in 1 M KOH and 0.5 M H,SOy, respectively [2, 5, 20, 21]. The
C; value of the electrocatalyst was measured from the multiple CV curves within a
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specific potential window at different scan rates (v). The specific capacitance values
of the electrocatalyst were ascribed from Aj versus v plot where Aj values were
obtained from half of the difference between the anodic and cathodic current density

(a and jp).
Aj = (ja—Jv)/2 &)

The chronoamperometric study was carried out at a fixed working potential to
understand the long-term permanence of the electrocatalyst at different electrolyte
(acidic and alkaline) medium. Electrochemical impedance spectroscopy (EIS) was
performed within 103 to 0.1 Hz frequency range to investigate the dynamics related
with the electrochemical changes that occur during the HER process at the electrode
and electrolyte interface. Nyquist plot was performed after EIS analysis, and the
Randles equivalent circuit model was fitted by using Z view® software (Scribner
Associates Inc. USA).

3 Result and Discussion

3.1 Physicochemical Analysis

The crystal structure of the electrocatalyst was investigated by XRD analysis (Fig. 1).
The XRD pattern of GO consisted of (001) and (100) crystal planes (Fig. 1a). The
appearance of (100) diffraction peak indicated that the surface of GO was not fully
interconnected with the oxygen functionalities [22]. The chemical reduction of GO
in VNMSG was confirmed by the appearance of a broad (002) peak at 26 ~ 24°
(Fig. 1b, f). The wide (002) diffraction peak suggest that the reduced GO (rGO)
was amorphous in nature as confirmed by the HR-TEM and FE-SEM image analysis
(Fig. 1f). The diffraction patterns of VNMSG at 26 ~ 14.05, 33.50, 39.82, and 58.52°
were ascribed as the (002), (100), (103), and (110) lattice planes of hexagonal MoS,
crystal structure as demonstrated in Fig. 1b, ¢ [2, 5]. Therefore, the XRD pattern of
VNMSG matched well with the JCPDS card no #77—-1716. A small shift in (002) peak
position of VNMSG can be ascribed by the negligible change in lattice parameters
on V and N co-doping in MoS, (Fig. 1d, e) [2, 5, 18]. Thiourea acting as the sulphide
source of MoS, and reducing agent for GO to rGO conversion by H,S formation
during the solvothermal method. The broad diffraction peak of rGO in composite
structure is attributed to the formation of stacked rGO sheets [23]. These observations
suggested that the rGO nanosheets controlled nucleation and subsequent growth of
MoS,; over the conducting scaffold.

The existence of rGO in the VNMSG was investigated with Raman spectroscopy
as depicted in Fig. 2a—c. Two characteristic peaks of hexagonal MoS, appeared at
~410 and 380 cm™! in both MoS, and VNMSG composite belong to Ay, (out of
plane vibration of S atom) and E12g (in-plane Mo-S phonon mode) Raman modes
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(Fig. 2a, f) [2, 5, 18]. V and N co-doping in MoS; hardly reveal any additional peak
in the Raman spectra conforming the successful formation of doped MoS,. The shift
in Raman modes (A and E! 2¢) in VNMSG compared to pure MoS; confirmed the
formation of lattice distortion due to the V and N dual doping in MoS, [2]. The lattice
mismatch in VNMSG is observed due to the formation of V-S and Mo—-N bonds in the
MoS; crystal structure leading to the formation of stress in the VNMSG composite.
In addition, the peak at ~1350 cm~! (random agreement of graphite crystallites) is
called the D-band and at ~1580 cm™! (stretching vibration of sp> hybridized C atoms)
called the G-band appeared in VNMSG and GO as shown in Fig. 2d, e [22, 23]. A
gradual increase in intensity of the D to G-band ratio (Ip/lg) in GO (value: 0.72)
and VNMSG (value: 0.92) as shown in Fig. 2g. The higher Ip/Ig ratio confirmed that
more sp> domains were formed indicating the defect structure of rGO in VNMSG
(Fig. 2g). Itis speculated that the catalytic performance of VNMSG was significantly
improved with increasing the defect.

XPS was used to examine the surface structure, chemical state, and electronic
interaction in the VNMSG composite. XPS survey spectra analysis confirmed that V
and N atoms were successfully doped in the MoS; crystal lattice (Fig. S1). The atomic
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percentage ratio of Mo and S implied that MoS, was formed in the VNMSG during
the solvothermal synthetic process. The V doping percentage in MoS, was higher
compared to the N, which can be attributed to the size of the dopant, the particular
reaction conditions, and the source of the dopant. XRD and Raman spectra suggested
that GO controlled the growth of MoS, which is reflected in Mo3d XPS spectra
(Fig. 3b). The deconvoluted XPS spectrum of Mo3d of VNMSG was composed
of four characteristic peaks. Two intense peaks of Mo 3d5/2 (229.5 eV) and Mo
3d3/2 (232.7 eV) suggested the presence of MoS; in VNMSG while peak of Mo
3d (235.9 eV) at high binding energy corresponds to MoO3 or MoO4>~ formation
during the solvothermal synthesis method (Fig. 3b) [2, 13, 15]. Due to the successful
formation of composite structure, the small shift of the Mo3d peak position indi-
cated the electron transfer phenomenon. Mo® oxidation state appeared due to the
partial oxidation of Mo atoms at MoS, edges and defects formation in the MoS,
crystal lattice during the composite structure formation. This occurrence implied the
formation of a synergistic effect in VNMSG indicating the better catalytic efficiency.
The deconvoluted S2p1/2 and S2p3/2 peaks at 162.70 and 163.92 eV for VNMSG
appeared at relatively higher binding energy region than pure MoS, indicting the
successful formation of the nanocomposite with rGO (Fig. 3¢c) [2, 24]. A small peak
located at ~168.1 eV belongs to the oxidized sulphur which may be due to the
composite structure formation. The low intensity of two doublet peaks at ~524.44
and 517.01 eV of V2p spectra in VNMSG suggested that V was successfully doped
in VNMSG as shown in Fig. 3d [5]. The S/Mo total area ratio was calculated from
the fitted S 2p and Mo 3d core-level spectra of MoS, and VNMSG (Fig. 3f). The
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S/Mo ratio of VNMSG was lower than pure MoS, which suggested a creation of S
vacancies in the VNMSG on doping. It is well evident that S vacancies improved
the HER performance by activation of active basal plane and defect formation at
edge sites of MoS,. The shifts in deconvoluted V2p XPS spectra towards higher
binding energy in composite can be attributed to the presence of electronic interac-
tion between V-doped MoS, and rGO conducting scaffold [5, 25]. The intensity of
V2p peak was lower than the O1s XPS spectra. Interestingly, the deconvoluted O1s
spectra composed of characteristic peak of M—O, C=0, and C-O bond as present in
VNMSG composite structure (Fig. 3d, S2). Figure 3e shows the presence of N 1 s
in VNMSG and the absence of C—N bond in the deconvoluted XPS spectra of Cls
implied that MoS, was doped with N. Therefore, nitrogen-doped rGO was not formed
in the solvothermal method. The deconvoluted Cls spectra of VNMSG represented
the presence of non-oxygenated C—C double bond along with other functional groups
like C—C/C-H, C=0/0-C-0 in rGO nanosheets in VNMSG (Fig. 3a) [23-26].
Morphological study showed that MoS; nanoflower was grafted over the rGO
nanosheets. The rGO nanosheets present as a conducting template and controlled
the growth of MoS, (Fig. 4a, b). The MoS, nanosheets were embedded on the rGO
sheets through interfacial van der Walls interaction. TEM image of VNMSG showed
a homogenous growth of MoS, over the conducting rGO scaffold that enhanced
the overall active surface area of the electrocatalyst and reduced the agglomeration
possibilities of MoS, (Fig. 4d). It is also assumed that the interfacial interaction
between the doped MoS; and rGO sheets definitely modified the electronic structure
and band alignment of the composite structure; thereby, electrochemical performance
of the VNMSG composite was modified significantly. The IFFT pattern in R1 region
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Fig. 4 FESEM image of a VNMSG, b GO; d TEM image of VNMSG, e HR-TEM image of
VNMSG, f IFFT pattern of R1 represent (002) crystal plane of MoS3; g, h IFFT pattern of R2 and
R2* represent (002) plane of rGO nanosheets

indicates the presence of (002) crystal plane of MoS, in VNMSG composite (Fig. 4e,
) [2, 5, 13, 15]. The (002) crystal plane of rGO appeared in R2 and R2* regions
implying the successful formation of the composite structure (Fig. 4g, h) [25, 26]. HR-
TEM image analysis recommended a strong interfacial interaction present within the
rGO nanosheets and MoS, which confirmed the existence of synergistic interaction
in VNMSG nanocomposite. The HR-TEM image failed to confirm the formation
of defect region within the composite structure. However, Raman and XPS analysis
suggest the formation of defect-rich composite structure.

3.2 Electrochemical Analysis

The HER activity of the developed electrocatalyst was analysed in acidic and alkaline
electrolyte. The polarization curves demonstrated that the catalytic performance of
pure MoS, was improved upon doping and heterostructure formation. Figure 5a &6a
suggested that VNMSG had lowest overpotential value than the other electrode mate-
rials. VNMSG required ~ 88 and 132 mV overpotential to attain 10 mAcm™~? current
density [27, 28]. It is well established that the HER activity of an electrocatalyst
was more facile in acidic electrolyte than in alkaline electrolyte as confirmed by the
polarization curve (Table 1-2). The order of electrochemical performance depends
on the electronic and structural modification of MoS, during synthesis. The enhanced
electrochemical performance of VNMSG can be attributed to the synergistic inter-
action within the rGO nanosheets and MoS,. However, the doping inside the MoS;
has a potential impact on the electronic modification and improved catalytic activity.
The adsorption—desorption performance of the electrocatalyst was augmented signif-
icantly upon doping inside the MoS; and composite structure formation with the rGO
sheets. The enhanced adsorption—desorption ability of VNMSG can be attributed to
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Table 1 Electrochemical performance for HER in acidic medium

Material Electrolyte Overpotential @ Tafel slope Exchange current
medium 10 mA cm~2 current (mV dec™!) density (mAcm™2)
density
GO Acidic 163 38 3.02 x 1072
MoS> Acidic 134 48 6.5 x 1072
VNMS Acidic 106 42 6.3 x 1072
VNMSG Acidic 89 38 9.5 x 1072

Table 2 Electrochemical performance for HER in alkaline medium

Material | Electrolyte medium | Overpotential @ 10 mA cm~2 | Tafel slope (mV dec™!)
current density

GO Alkaline 191 208
MoS, Alkaline 146 145
VNMS Alkaline 139 142

VNMSG | Alkaline 133 92
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the exposed surface active sites. The rGO nanosheets assisted to graft the MoS,
nanopetals on its surface; thereby, the effective active surface are of the VNMSG
was increased. The ECSA (Figs. 5d and 6d) values calculated from the CV plots
(Figs. S3 and S4) confirmed the improvement in surface adsorption performance
upon composite formation. In addition, V and N co-doping in MoS; lattice structure
developed defects, thereby more exposed active sites were formed (Tables S4 and
S5).

Tafel slope is considered as leading parameters in HER which signify the potential
require enhancing the current response by an order of 10 times than the initial.
Therefore, a low Tafel slope suggests a faster HER kinetics implies a better catalytic
ability. Tafel plots were acquired from the linear region of the LSV plot as depicted in
Figs. 5b and 6b. Interestingly, the Tafel slope values of the developed electrocatalyst
were calculated from the linear region from Tafel equation (y = b log j + a, where b
= Tafel slope, j = current density). The Tafel slope value for VNMSG composite was
smallest among other electrocatalyst in acidic and alkaline pH (Tables S1 and S2).
The lowest Tafel slope value of VNMSG suggested a better catalytic performance.
Above all the small Tafel slope of VNMSG nanohybrid was beneficial for catalytic
application as it leads to a rapid increase in HER rate with the change in overpotential.
The HER process includes Volmer step, Heyrovsky step, and Tafel steps, respectively.
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The Volmer step allied with proton absorption is suggesting the rate-limiting step with
a slope of ~120 mVdec™' while Heyrovsky and Tafel steps should recommend ~40
and ~30 mVdec™! slope value to be a rate-limiting one [2, 5, 20, 29, 30]. Therefore,
Tafel slope values of the synthesized electrocatalyst suggested a Volmer—Heyrovsky
reaction mechanism. However, the electrochemical adsorption and desorption was
considered as the rate-limiting step in both alkaline and acidic pH, respectively. The
low Tafel slope values of VNMSG were recognized by the strong electronic coupling
appeared due to interfacial interaction with the rGo nanosheets and V, N-codoped
MoS;. The charge transfer resistance (R.;) values of the electrocatalyst supported
the catalytic order in both acidic and alkaline medium (Figs. 5c and 6c) [31]. The
improved Rct values can be ascribed as the combination effect of doping in MoS, and
composite structure formation (Figs. S5 and S6). The synergistic effect developed in
VNMSG increased the charge carrier density of VNMSG thereby the H adsorption—
desorption process is getting augmented as reflected in the polarization plot [29]. The
improved charge carried density of VNMSG was found as the highly conducting rGO
nanosheets attached with the MoS, nanoflower, thereby the overall R resistance is
decreased (Tables S5 and S6).

The electrocatalytic durability of the synthesized conducting scaffold supported
doped MoS, composite was checked by polarization plot before and after the 1000
CV in the acidic and alkaline medium at a fixed scan rate of 10 mVs~!. The polariza-
tion curves matched closely with the initial one with a negligible change in current
response at fixed overpotential (depicted in Fig. 7a, b). The chronoamperometry study
was prolonged at the current density of 55 mAcm~2 and 15 mAcm~2 for ~7 hin acidic
and ~8 h for alkaline pH, respectively. A negligible change in potential demonstrated
a negligible change in electrochemical performance (depicted in Fig. 7c, d).

4 Conclusions

In summary, V and N co-doped MoS, nanopetals embedded on rGO a nanosheet
was developed by a facile solvothermal synthetic method. The defect-rich VNMSG
nanocomposite exhibited enhanced catalytic activity and remarkable structural
stability in acidic and alkaline electrolyte. Physicochemical analysis suggested the
successful formation of doped composites. In addition, V and N doping in MoS;
modified the electronic structure, thereby raising the valence band structure of the
doped nanocomposite to the Fermi level. HR-TEM and XPS analysis confirmed the
strong interfacial interaction between rGo nanosheets and MoS, nanopetals. There-
fore, the participation of rGO nanosheets improved the overall conductivity of the
composite, thereby promoting the HER process. The excellent HER performance was
attributed to the large number of active surface sites, which can be ascribed by the
high active site density and relatively large exposed surface area. The participation of
rGO nanosheets significantly improved the catalytic durability in acidic and alkaline
media. Most importantly, the synergistic action between rGO nanosheets and MoS,
nanopetals facilitated to enhance the HER performance of VNMSG composites.
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Modelling of an Improved Biomass Cook )
Stove for Rural Application T
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1 Introduction

Varieties of fossil fuels have been widely employed for heat and power generation
in various industrial and home purposes. However, it has a substantial impact on
our ecosystem due to its toxic emissions. Biomass is a suitable sustainable energy
source for overcoming the issue. It has been seen that biomass is sometimes burnt in
an inefficient cook stove in the rural area. However, it is regarded as a limited thermal
energy source. Cengel et al. [1] suggested a simple wood burning stove consisting of
an enclosed metal box made of material like cast iron, with opening doors in the front
for loading the fuel an enclosed metal box made of material like cast iron. It has a
little smokestack called a flue to exhaust CO,, steam, smoke, and other pollutants [1].
A wood burning stove may be used to supply heat in a single room, like a traditional
coal fireplace in the developed countries. Therefore, an improved biomass furnace
is a more advanced alternative for heating the developed countries. Biomass furnace
may be a more advanced alternative for heating the entire building for cold region.
Fichetet al. [2] proposed a furnace’s ability to run on a specific type of biomass which
is decided by its size, density, energy content, moisture content, and other factors.
Because any fuel used in the system must be able to flow into the combustion system,
the size of the chip is also a crucial consideration for biomass fuel.

2 Research Background

There have been many research works done on biomass cook stoves. This research
part has been categorized into four parts. The first part is about various improved
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designs of biomass cook stove, the second section discusses performance analysis of
biomass cook stove based acquired from water boiling test (WBT), the third section
discusses cook stove performance analysis based on numerical analysis, and the
fourth part is related to pollution control.

Fichet et al. [2] had certain limitations in their efforts to develop a valid baseline
CFD model. Since they only anticipated, CO and CO, emissions and they also had
problems in predicting NOx emissions. Quist et al. [3] studied different enhanced
biomass cook stove designs according to measurements, input data uncertainties,
etc. They calculated the propagation uncertainty for a simple brick channel cook
stove. They discovered that the LHV of wood and char, moisture content, and water
temperature changes all contributed to a significant portion of the variability in effi-
ciency. Kshirsager et al. [4] investigated the use of multi-response robust param-
eter design for a hybrid draft biomass cook stove performance optimization. They
predicted a maximum overall efficiency enhancement of up to 30%, as well as reduc-
tions in CO and PM2. 5 predicted a reduction of up to 1.8 and 20 mg/MJ. Djurovi et al.
[5] used suitable furnace dimensioning for reducing high investment costs and they
were able to reach an improved CO emission. Kumar et al. [6] examined biomass cook
stove design, development, and technological advancement. The effects of traditional
biomass burning methods on emissions and health susceptibility were studied and
environmental influence. Tryner et al. [7] studied five natural-draft, top-lit-up-draft
(TLUD) semi-gasifier cook stove configurations. They tested two biomass fuels to
see how the design of the stove and the fuel source affected efficiency and pollutants.
They discovered that pollutants and efficiency differed significantly depending on
stove design and fuel type, and that the transient increases in co-emissions were
common. It was moreover linked to refuelling.

Lombardi et al. [8] tried for eliminating harmful emissions from biomass combus-
tion. Traditional cooking methods, as we all know, emit CO and particulate matter
(PM). This can cause major respiratory difficulties, especially in children and women.
To reduce harmful emissions from the catalytic oxidation process, they used a low-
cost potassium-based catalyst in a chimneyless biomass burner. Rupakheti et al. [9]
investigate inside the two types of kitchens. Fine particulate matter (FPM) and black
carbon (BC) concentrations were continually changing. Under actual cooking parti-
cles, they were divided and attached to the main house. A field survey was conducted
on the types of kitchens, fuel used, and cook stove before monitoring of pollutants.
Sidhu et al. [10] examined several types of fuel stove combinations used for cooking
in Punjab, India, the emission variables and non-CO, green gas (GHG) emissions
were calculated. When compared to other fuels, they discovered that cow dung cake
performed the worst.

Based on the WBT test, Bhuyan et al. [11] reviewed an industrial furnace. They
compared the thermochemical characteristics of biomass with coal. They discovered
that co-firing biomass and coal reduced SOy and NOy pollutants significantly. The
proper biomass injection with complete information on ignition properties was also
necessary to manage heating system efficiency, fabrication, and burnouts. Kare et al.
[12] reviewed the WBT for evaluation of seven biomass fuels for six stoves. The
results achieved that for some cookware types, certain biomass fuels would be more
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efficient. Jain et al. [13] investigated the development of an energy utilization test
for a biomass cook stove. They used the water boiling test to assess performance.
For WBT, they used a fan as a primary airflow supply and multiple holes in the top
of the stove as a secondary airflow source. They discovered that thermal efficiency
and other parameters exhibited time-dependent behaviour at various airflow rates.
They discovered a best airflow recipe depending on the results of the tests. Silva
et al. [14] in their work conducted a study using CFD modelling to better understand
combustion characteristics and flue gas emissions. The findings suggested that the
furnace’s mixing of gases and combustion air could be enhanced.

Barpatra Gohain et al. [15, 16] tested a better quality biomass cook stove. They
saw thermal efficacy 33-35% WBT of the improved cook stoves. Bardalai et al. [17]
studied bamboo and coal co-gasification. They saw combustion zone flame propa-
gation rate better with (10-20) % of coal. Dutta et al. [18, 19] characterized samples
of biomass. Psidium guajava had the heating value maximum (18.403 MJ kg™!),
(18.400 MJ kg~!) was with bamboo chip, and Ficus lepidosa had (15.952 MJ kg~')
the least. Dutta et al. [20, 21] experimented biomass gasifier for drying black tea with
a producer gas burner. They found 6.274 MJ kg~! as energy consumption (specific)
with biomass for the tea dryer. The uprooted tea shrubs (Camellia sinensis (L.) O.
Kuntze) derived producer gas had calorific values 18.50 and 4.2 MJ m~3. The gasi-
fication efficiency (cold) was 65% with the tea shrubs. Shisham gave heating value
(average) 4.83 MJ Nm™ of producer gas [22].

3 Objective

The objective of the paper is thermal performance modelling of an improved biomass
cook stove at different firepower. The design model is intended to compare with the
contemporary improved biomass cook stoves.

4 Methodology and Approach

4.1 The Model

The model was designed in order to create a user-friendly mathematical tool for
predicting the performance of an improved biomass cook stove. Figure 1 shows
combustion chamber with grate, where the biomass was being burned and pot is
showed at the upper part of combustion chamber. The entry for the primary air
essential for the combustion process is same as the fuel entry gate.

Figures 1, 2 and 3 describe the designed cook stove’s front and top views. Figure 1
shows the 3D view (front) of the cook stove with a pot at the upper part. Figure 2
shows the 3D view (top) of the cook stove with a pot. Figure 3 shows the front view



174 H. Bordoloi et al.

Fig. 1 3D view (Front) of
design cook stove with Pot

of the design cook stove with a chimney and hood. Figure 3 shows five zones. Zone
1 is the combustion zone whose height is 280 mm; the outer diameter is 240 mm, and
the inner diameter is 200 mm. This combustion zone consists of fuel bed, fuel door,
air supply ports, and grate. Zone 2 consists of 39 primary air supply ports whose
diameter is 12 mm, and the fuel door and the upper part of this zone consists of
fuel grate. Zone 3 is primarily made up of the pot vessel, which is situated in the
combustion chamber’s top part. Zone 4 is the chimney part, and zone 5 is the hood
which is attached to the chimney part. The hood is used to detect emissions within
the chamber.
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Fig. 2 3D view (Top) of
design cook stove with Pot

5 Mathematical Modelling Equations of Biomass Cook
Stove

The mathematical equations are divided into different zones. Combustion zone, pot
bottom zone, pot gap zone, and pot side zone are the zones. Kshirsagar and Kalamkar

[4].

e Combustion Zone

o X Ax (T, —Ty)

A char
Qchar radiation — ( 1 )
( 1—e, ) + 2
e (1 - Fchar—pol)
; 4 4
Qﬂame radiation = 0 X A x (8g Tg — Qg Tp) (2)

e Pot Bottom Zone
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Fig. 3 Front view of design
cook stove
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Equation (1) gives the overall efficiency of the improved biomass cook stove,
where different thermal losses are presented in the numerator of the mathematical
expression and P is the firepower of the cook.

o = Qchar radiation 1 Qﬂame radiation 1 QconvZ + Qrad3 + Qconv 3+ Qrad4 + Qconv4
o =
P

x 100 ®)

where Qchar radiation from char bed to the pot bottom radiative heat transfer (kJ/kg
of dry fuel), Qchar radiation from char bed to the pot bottom radiative heat transfer
rate (W), Qconv2 convective heat transfer from pot bottom zone to the pot (kJ/kg of
dry fuel) Q'ConV 3 convective heat transfer from pot gap zone to the pot (kl/kg of dry
fuel), Qconvs convective heat transfer from pot side zone to the pot (kJ/kg of dry fuel),
Qdoor loss Of heat radiation from the feed door opening (kJ/kg of dry fuel), Qheat loss
through insulation heat loss from the stove (kJ/kg of dry fuel), o is the Steffen—
Boltzmann constant (W/m? K*), a combustion chamber cross-sectional area (m?),
T char temperature of the char (K), T, surface temperature of the pot (K), Fchar-pot
char bed to pot bottom view factor,s. emissivity of the char, &, in combustion zone
emissivity of the flue gas, T, flame temperature/flue temperature inside the chimney
(K),o, in combustion zone absorptivity of flue gas, Apotom pot bottom zone impinging
jet heat transfer coefficient (W/m? K), T, flue temperature at the entrance to the pot
gap (K), T, pot corner flue temperature (K), 7', at the exit temperature of the flue
(K), Apg pot gap area above the pot (m?), Aqge area of pot side (m?), hgge pot side
convective heat transfer coefficient (W/m? K), hpot gap POt gap zone impinging jet
heat transfer coefficient (W/m? K),a3 in pot gap zone absorptivity of flue gas, oy in
pot side zone absorptivity of flue gas, 3 in pot gap zone emissivity of the flue gas,
and &4 in pot side zone emissivity of the flue gas.

6 Results and Discussion

This section is divided into two sections. The first section is intended to the model’s
numerical analysis, which examines heat transfer within the combustion chamber.
The generated model was evaluated using the commercial software ANSYS. The
second section compares this model to another improved available model.
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6.1 Numerical Analysis of the Model

The model was solved using the standard (k—e) turbulence model. The inlet and exit
boundaries are both set to a constant mass flow rate and a constant static pressure. The
primary air enters inside the combustion chamber with the help of holes at 0.6 m/s
naturally at room temperature 300 K. In the fuel bed, 3 kg of fuel (wood) was used
as an input parameter and the mass flow rate in the fuel bed was 0.0026 kg/s. At the
time of combustion, the temperature in the fuel bed was 1150 K. SIMPLE’s pressure
correction scheme was used to solve the pressure—velocity coupling, and a second-
order accurate discretization scheme was used to solve all governing equations. A
convergence criterion of 10 was met for residuals of all flow variables across the
flow domain.

Inside the combustion chamber, the air velocity contour and temperature fluctua-
tion with height are shown in Figs. 4 and 5. Figure 4 helps us to understand the profile
or path taken by the primary air inside the combustion chamber from the holes. The
inlet velocity was calculated analytically. As can be seen from the figure, how the
pattern of combustion air moves from inlet to outlet. The average velocity inside the
combustion chamber was found 1.2 m/s. Figure 5 gives the temperature contour in
outlet. As we can see from the figure, the primary air enters through the hole at the
room temperature 300 K. The input temperature was 1150 K from the fuel bed and
after the simulation. The temperature that touched the outlet phase is shown in Fig. 5.
The light blue colour indicates a temperature of around 640 K, the sky blue colour

0 0.100 0200 {m)

0.050 0150

Fig. 4 Velocity contour(streamline) inside the combustion chamber
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Fig. 5 Temperature contour in outlet

indicates a temperature of around 470 K, and the dark blue colour indicates a temper-
ature of around 360 K. The average temperature in the outlet phase was around 630K,
which was the highest compared to the previously available models (Fig. 6). CFD
analysis is a very efficient and effective way of evaluating a biomass cook stove’s
performance. The summery CFD analysis inside the combustion chamber was done
with the help of ANSYS commercial software (Table 1).

1.20E+03
1.00E+03
8.00E+02

6.00E+02

Temperature (K)

4.00E+02
2.00E+02

0.00E+00
0 0.05 0.1 0.15 0.2 0.25
Height of combustion chamber (m)

Fig. 6 Characteristics curve of temperature (K) versus height of combustion chamber (m)
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Table 1 Geometrical input SI. No Parameter Value Unit
parameters
1 Inner diameter of the stove 200 mm
2 Outer diameter of the stove 240 mm
3 Height of the stove 280 mm
4 Chimney diameter 340 mm
5 Height of chimney 450 mm
6 Height of hood 450 mm
7 Ambient temperature 300 K
8 Char emissivity 0.86
9 Char temperature 1150 K

6.2 Comparison Test

This model was created, and the theoretical results were compared to the predicted
model of Kshirsagar and Kalamkar [4]. The table shows the predicted information
set of the model, which includes data on overall efficiency for firepower variations
(Table 2). The input parameters are listed in Table 3.

Figure 7 shows a fair comparison with bar representations for changes in overall
efficiency with the firepower. The figure clearly shows that the overall efficiency of
both the models and the overall efficiency beyond fire power 2.81 kW declines as the
firepower increases due to a high temperature of combustion and loss also increases.
However, for the present model, the highest overall thermal efficiency is 44.8% in

Table 2 Model predicted results comparison of two different models (Kshirsagar and Karmakar
[4]and present model)

SN Coefficient of | Firepower (kW) Combustion Overall efficiency
discharge Cy efficiency No (%)
Ne (%)

Kshirsagar Present model

Mpr Mpr
1 0.308 1.43 0.971 28.7 332
2 0.285 1.85 0.976 26 354
3 0.307 2.15 0.987 24.6 375
4 0.295 243 0.99 24 40.2
5 0.277 2.81 0.995 23.6 44.8
6 0.38 2.96 0.995 21.9 41.3
7 0.326 3.57 0.994 22.1 36.4
8 0.195 3.69 0.928 22 29.7
9 0.303 3.73 0.995 224 254
10 0.214 4.08 0.908 20.2 232
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Table 3

Simulation parameters for the improved biomass cook stove
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SN Parameter Numerical value Unit Reference
1 Firepower 1.43-4.08 kW Kshirsagar
2 Combustion efficiency 90.8-99.5 % and Kalamkar [4]
3 Lower or net calorific value 18,280 kl/kg
4 Moisture content of fuel 7.0 %
5 Pot surface temperature 373 K
6 Ambient temperature 300 K
7 Emissivity of the char 0.86
50
45
40
z
935
D
E 30
3 25
g 20
g 15
10
5
0
1.43 . 2.15 243 2.81 2.96 . 3.69 . 4.08
Fire Power (kW)
m Kshirsagar ® Present Model

Fig. 7 Variation of thermal efficiency with firepower for Kshirsagar and Kalamkar [4] and present
design (PD)

firepower 2.81 kW probably because of the optimum amount of air fuel ratio inside
the chamber and the size of the biomass cook stove is more than the Kshirsagar and
Kalamkar [4] predicted model.

7 Conclusions

e An improved biomass cook stove was modelled and designed. The design was
done in AutoCAD software and initial step in the modelling process was to use
the ANSYS commercial package.

e The proposed design was made to keep the optimum air fuel ratio inside the
combustion chamber for better thermal efficiency.
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The ANSYS analysis aids in deciding the air inlet velocity and temperature
fluctuations along with height inside the combustion chamber.

A reliable mathematical method was designed for estimating the overall efficiency
of the present model with a firepower range of 1.43-4.08 kW. The expected
outcomes of the above-mentioned parameter were compared to the Kshirsagar and
Kalamkar [4] model. Certain fixed input physical and geometrical parameters were
considered. However, for the present model, the highest overall thermal efficiency
is 44.8% in firepower 2.81 kW probably because of optimum amount of air fuel
ratio inside the chamber and the size of the biomass cook stove is more than the
Kshirsagar and Kalamkar [4] predicted model.
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1 Introduction

Carbon is a light atom capable of forming single, double, and triple chemical bonds.
CNTs were discovered by Ijima in 1991 [1] which have cylindrical structures, made
by graphene sheets with sp? bonds open or closed ends [2, 3]. CNTs can be single-
walled (diameter ~2-3 nm) and multi-walled (diameter ~20-30 nm). The length of
CNT can be micrometer to centimeter range [4]. Based on the chiralities, CNTs
can be of zig-zag, armchair, and chiral type. Zig-zag CNTs are hexagonal lattice
and chiral CNTs have another pattern that may be semiconducting or semi-metallic.
The lattice of armchair CNTs is rotated 90° with respect to the zig-zag pattern and
possesses a metallic band structure [4]. The bandgap of CNTs may vary 0.18—1.8 eV
and, hence, can have tunable electrical properties [5]. CNTs are lightweight materials
with high mechanical strength such as Young’s moduli ~1 TPa (5 times than steel)
and the tensile strength of 63 GPa (50 times than steel) [6]. CNTs are chemically inert
and have good thermal conductivity (~2000-6000 W/mK) [7, 8]. Due to the range
of properties, CNTs have been applied in AFM or STM tips [9], microelectronics
[10], electron field emission [11], energy storage [12], biosensors [13], composite
materials [14], pharmaceutical [15], and solar cell [16]. However, CNT growth is
a slow process and has a number of challenges for large-scale production. In this
direction, quantification of the CNT growth process is important, and documenting
the CNT growth parameters would be a valuable contribution.
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There are different methods to grow CNTs, such as arc discharge [17], laser
ablation [18], electrolysis [19], polymer derived [20], and chemical vapor deposition
(CVD) [21, 22]. Arc discharge method uses a high voltage through the graphite
electrodes at high temperatures of 1700 °C and sub-atmospheric pressure. Some
floating catalyst may be used, and the evaporated carbon from anode deposits on
the cathode as CNTs [23]; however, the use of high temperature limits its scalability.
Laser ablation uses a high-power laser with varying laser power, where a pure graphite
is vaporized by laser with temperature of 1200 °C in an inert atmosphere [24]. The
laser power is inversely proportional to the diameter of the SWCNTs [25]. Laser
ablation suffers from scalability for industrial purpose. In CVD, a carbon source is
passed through heated catalyst at temperatures 600—1100 °C under inert condition
[21]. The nature of the hydrocarbons decides the types of CNTs, multi-walled or
single-walled. CVD methods have been reported for large-scale productions of CNT's
due to their economic viability and simplest reactor environment.

Recently, low temperature synthesis of CNTs has been tried where the carbon
feedstocks are pretreated either at high temperature or by plasma. Mora et al [26]
produced SWCNTs on Fe:Mo catalyst supported on Al,O3 powder at 300 °C by
using plasma pretreated CH4 gas. Nessim et al. [27] made preheating of incoming
carbon source gasses at 770 °C to grow vertically aligned CNTs at 500 °C using
Fe catalysts on Ta (Tantalum). Xiao et al. [28] demonstrated the growth of CNTs
by PECVD using CHy4 gas at 450 °C over Ni—Al-Ni-layered catalysts (prepared by
atomic layer deposition) over silicon wafer.

Despite plenty of literature on CNT growth, many components of the growth
mechanisms in the CVD process are yet unknown [29-31]. Also, structural control
of CNTs in terms of chirality, semiconducting/metallic ratio, and density of defects
are still lacking in the CVD CNT growth process [32]. Allaedini et al. [4] reviewed the
effect of various parameters and conditions of catalysts on the CNT production, such
as catalyst size, shape, composition, concentration, and type of catalyst. However,
some other parameters are also involved in the CNT production. In this review, we
explore the effects of type of catalyst, temperature, nature of hydrocarbon feedstock,
inert gas flow, and growth time on the yield and structural characteristics of CNTs.
The experimentation on the variation of such parameters is still a challenge and
such kinds of reproducible experimental data are poorly available in the literature.
Thus, there is a great need in understanding the growth process and the parameters
influencing the growth of CNTs by CVD route. In this review, effort is given to
understand the effect of such parameters on CNT growth with the help of available
literature.
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2 Parameters in CVD Growth of CNTs

2.1 Effect of Catalyst

Catalysts play a critical role as the nucleation sites in CNT growth, and hence, a low
cost, sustainable, and optimized catalyst is required for its optimum yield.

Metal, Metal oxide, and LDH Catalysts for CNT growth: Hussein et al. [33]
reported the growth of MWCNTs using hexane gas over LDH catalysts (FeCoNiAl,
CoNiAl, and FeNiAl), where CoNiAl catalyst gives a maximum yield of 183.5%
with diameter of 20.60 nm. Nagaraju et al. [34] compared three catalysts, namely
Co, Fe, and Co/Fe supported on alumina or silica, where alumina support giving
better yield of MWCNTs at 700 °C. Seo et al. [35] compared Fe, Co, or Ni as the
catalyst using acetylene carbon source at 720 °C with best yield found in Fe catalyst.
Lee et al. [36] used thin film of Fe, Ni, and Co on silicon oxide substrate, where Ni
resulted in best yield and Fe resulted in the best quality. In our earlier report, it was
observed that NiO catalyst favors the growth of MWCNT [37, 38], whereas Fe,;03
and PbO favors the growth of amorphous carbon [39, 40].

Growth of CNTs on Porous Substrate/Catalyst: SWCNTs are often synthe-
sized utilizing nanometer-sized particles as catalysts. However, Schneider et al. [41]
prepared MWCNTSs using other types of catalyst such as porous aluminum oxide at
900 °C using propylene as the carbon precursor.

Floating Catalysts for CNT Growth: Hussain et al. [42] used ferrocene as
floating catalysts and ethylene as carbon source and produced SWCNTs of diame-
ters 1.3—1.5 nm. Zhu et al. [43] pyrolyzed n-hexane (carbon source) in the presence
of thiophene (sulfur source) where it was observed that the addition of sulfur favors
SWCNTs. It has been reported that the addition of such compounds acts as a promoter
for SWCNTs or DWCNTs [44] (Table 1).

2.2 Effect of Temperature

Growth temperature of CNTs is important for its crystallinity and the selectivity of
catalysts. Mohammed et al. [46] observed carbon spheres in CVD reactions at temper-
atures below 650 °C. Thus, choosing the right temperature is critical for improving
MWCNT selectivity and limiting the production of amorphous carbon and other
types of carbon that may form as a result of side reactions. They used bimetallic
Fe-Co catalysts supported on CaCO; to grow MWCNTs at 700 °C using acetylene
as the carbon source with a yield of 170% in the temperature range of 700 °C to
750 °C. Bone and Coward [52] showed that acetylene undergoes polymerization at
around 780 °C instead of forming CNTs. Liu et al. [47] prepared MWCNTSs using PP
plastic and HZSM-5 zeolite mixture over nickel catalyst and observed better graphi-
tization at 800 °C than 750 °C with a lower yield. Venkatesan et al. [49] observed
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Table 1 Summary of different parameters for CNT growth experimented in literature

SI. No | Parameters Optimized yield Remarks References
1 Effect of catalyst 183.5% Yields of different [33]
(Catalyst + CNT) catalysts (FeCoNiAl,
CoNiAl, FeNiAl), were
124.8, 183.5, and 110.5,
respectively
Fe was better than Co, | CNT yields on metal [35]
Ni catalyst catalysts with silica
support were in the order
Fe > Co > Ni
Yield order: Ni > Co > | CNT yields were better | [36]
Fe with Fe out of Ni, Fe, Co
Floating Ferrocene Ferrocene was used as [42]
catalyst the floating catalyst with
ethylene as the carbon
source to produce
SWCNTs
Floating Sulfur catalyst | It was observed that [43]
addition of sulfur in
floating catalytic
environment of
ferrocene promoted the
growth of SWCNTs
On porous Al,O3 CNTs were grown on [41]
(POAX) substrate POAX substrate without
the use of any catalysts
Yield with catalyst Density of CNTs [45]
thickness increased with larger
catalyst thickness of
3 nm, 5 nm, and 7 nm
2 Effect of 170% Yields of CNTs were [46]
temperature (Catalyst + CNT) 170% and 50% at 700 °C
and 750 °C, respectively
Yield of CNT growth Yields of CNTs were [47]
from PP was optimized | maximum at 750 °C in
at 750 °C the temperature range
(500 °C to 800 °C)
3 Effect of carbon Yield increased with Yield of CNTs was [48]
source smaller chain better with methane out
hydrocarbons of various gasses
(hexane, methane,
naphthalene, benzene,
anthracene, etc.) on Fe
catalyst
4 Effect of growth 170% Yields of CNTs were [46]
time (Catalyst + CNT) 170% and 156% at

60 min and 45 min,
respectively

(continued)
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Table 1 (continued)
SI. No | Parameters Optimized yield Remarks References
Yield at 25 min Yield with change in [49]
growth time (15, 25, and
35 min) showed CNT
growth was best at
25 min
5 Effect of flow rate | 170% Yields of CNTs achieved | [47]
(carbon source) (Catalyst + CNT) (at 700 °C and Ar flow of
(acetylene) 230 ml/min) were 112%
and 170% at acetylene
flow of 150 ml/min and
190 ml/min, respectively
185% (Catalyst + CNT) | Yield with flow rate of [50]
(methane) carbon (50 sccm)
showed low defects
CNT at 800 °C with a
flow rate of 50 sccm
Max yield at 100 sccm | Optimum yield at 100 [51]
(ethylene) sccm out of the
experimented flow rate
of 50, 75, 100, 125, and
150 sccm
Max yield at 180 ml/min | Max yields at [49]
(acetylene) 180 ml/min among flow
rates of 100, 140,
180 ml/min
Effect of flow rate | 170% Yields of CNTs were [46]

(inert gas)

(Catalyst + CNT)

170% and 134% at
230 ml/min and

290 ml/min of argon
flow, respectively

the formation of amorphous carbon below 700

catalyst.

°C and above 1000 °C using NiO

Li et al. [53] prepared CNTs at temperatures 500 °C, 600 °C, and 750 °C using
Ni/NiO/Al,04/Cu catalyst and methane carbon source. They observed CNTs above
720 °C and carbon fibers below 720 °C. Gulino et al. [54] produced MWCNTs at a
large scale using Fe/Al, O3 catalyst and ethane as carbon precursor at 660 °C, while
above 750 °C resulted in amorphous carbon. Zhou et al. [55] showed that sulfur
is a growth promoter of CNTs at 1000 °C and yields of SWCNTSs increases with

increasing temperatures.
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2.3 Effect of Carbon Source

The carbon precursor plays an important role in the growth of CNTs. The
larger hydrocarbons are less stable, thus producing poor CNTs. However, smaller
hydrocarbons are more stable and give higher quality CNTs.

Aliphatic Hydrocarbons as Carbon Source: Li et al. [48] used different hydro-
carbons (methane, hexane, cyclohexane, benzene, anthracene, etc.) using Fe catalyst
on MgO substrate for the growth of CNTs. The methane yielded to SWCNTs and
cyclohexane/hexane produce MWCNTSs. There must be a correlation between the
molecular weight of carbon source and CNT growth; however, still it is not yet
quantified. Shah et al. [50] reported yield of MWCNTSs of 185% at 800 °C on Pt-W
catalysts using methane as the carbon source.

Aromatic Hydrocarbons as Carbon Source: Li et al. [56] experimented on
different aromatic hydrocarbons like benzene, naphthalene, and anthracene and
observed that smaller aromatic compounds (benzene) favor the growth of SWCNTs.
Das et al. [57] used aromatic hydrocarbons: benzene, toluene, xylene, and trimethyl
benzene using ferrocene as the catalyst, where toluene resulted in CNT yield 30.5%
with 96% purity. Therefore, it can be concluded that aromatic hydrocarbons and
methane favor SWCNTs, cyclic hydrocarbons (cyclohexane) favor MWCNTs, and
linear chained hydrocarbons (hexane) favor carbon fibers.

Pyrolyzed Hydrocarbons from Plastics as Carbon Source: Plastics can also
be used for the preparation of CNTs by the process of pyrolysis and subsequent
deposition of the pyrolyzed hydrocarbons on the catalytic bed. This process is usually
conducted in a two or three stage pyrolysis reactor. Demirba [58] showed that there
is a decrease in chain length from C2-C8 to C2—C6 with an increase in pyrolysis
temperature (650-875 °C) for PS (polystyrene). Encinar and Gonzalez [59] pyrolyzed
plastic wastes at 800 °C which breaks down to smaller hydrocarbons of chain length
C1-C3. Wu et al. [60] analyzed the pyrolyzed products of waste plastics at 500 °C
and found the hydrocarbon chain length to be C1-C4. Thus, it is concluded that with
an increase in pyrolysis temperature of plastics there is a decrease in the length of
the hydrocarbons produced which consequently leads to a better formation of CNTs
(Table 2).

2.4 Effect of Growth Time

Growth time plays an important role in the morphology of the CNTs produced during
the CVD process. CNT formation takes place within just a few minutes of the growth
process. The shorter reaction time favors the growth of CNTs with smaller diameters
and longer growth times favor the growth of CNTs with longer diameters. However,
Mohammed et al. 2017 [46] reported an increase in CNT yield with the increase in
growth time from 45 to 60 min at 700 °C and also observed a decrease in CNT yield
at 750 °C. Venkatesan et al. [49] showed that the optimum growth time is between 20



Parameters Involved in CVD Growth of CNT: A Review

191

Table 2 Molecular structure of hydrocarbons used in CNT growth as carbon source (drawn using

ChemDraw software)

Aliphatic hydrocarbon source

Methane (CHy) Acetylene (C2Hp) Ethane (CoHy) Butylene (C4Hg)
H HC=CH - H,C _~
H= o H
H
Hexane (CgH14) Ethanol (C;HsOH) Ethylene (CoHa) Carbon Monoxide (CO)
= Hz H2C=CH2 +OEC_
Q B ON
s H;C" “OH
: U‘ ~
o &
=<
<
=

Aromatic hydrocarbon source

Benzene (CgHg)

QO

Naphthalene (CyoHg)

Xylene (CgHjp)
o

T
Q

H,C

Anthracene (C14Hj0)

Cyclohexane (C¢Hy2)

Toluene (C7Hg)

CH;

and 27 min while below 15 min and above 35 min lead to the formation of amorphous
carbon and defective structures.

2.5 Effect of Flow Rate of Inert Gas and Carbon Source

Mohammed et al. [46] studied the effects of argon gas flow rate (230-290 ml/min)
and hydrocarbon gas flow rate (150-190 ml/min). They observed that the yield of
CNTs increased with an increase in acetylene flow but no change due to argon flow
rate. Shukrullah et al. [51] experimented on ethylene flow rates from 50 to 100 sccm,
where the optimum flow rate of 100 sccm led to the formation of well-structured
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CNTs and above which the product showed structural defects. Venkatesan et al. [49]
experimented on precursor gas flow rate (100-180 ml/min), where tubular structures
formed above 180 ml/min and no graphitization below 100 ml/min.

2.6 Reactor Type and Size

Mullite versus Alumina Reactor Tube: Rodiles et al. [61] experimented on mullite
(Alg42xSip-2xO10—x (x & 0:4)) and alumina (Al,O3) reactor type and observed the
higher catalytic activity of mullite over alumina.

Hot Wall versus Cold Wall Reactor: CVD reactors can also be categorized by
the temperature of the reactor wall, namely hot-wall CVD and cold-wall CVD. In
hot-wall CVD, the entire reactor tube is maintained at the same temperature and is
preferred for exothermic reactions. In contrast, cold-wall CVD employs heating of
only the substrate within the reactor chamber by using RF induction or radiation
lamps, while the walls of the reactor remain cold. The advantage of hot-wall CVD
is the temperature uniformity across the entire reactor and possesses higher reaction
volume; hence, it is more likely to be scaled up for better yield. Cold wall CVD is
most useful for in situ analysis and experimentation [62].

2.7 Modeling and Optimizing of Different Parameters

There is very rare literature available which is dealing with the optimization and
modeling of CNT growth using all possible parameters involved. However, some
literature attempted to optimize a few parameters within a limited scope. Masouleh
etal. [64] attempted to model the CNT growth using ferrocene as the floating catalyst
and xylene as carbon source. They used a reactor reported by Maghrebi et al. [63]
and assumed the decomposition of ferrocene to be a single-step process as shown in
Eq. 1 (Fig. 1):

Pre-heater Heater

H’ . HV
7070000000777
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. l“1 11551 0 1 501 0 558 UG 51 -!!'l'll! %
D50005500%504545%

Collector of condensed vapors —|

Syringe Pump

=] Ice-Water Bath —

Fig. 1 The schematic diagram of CNT growth apparatus (Reproduced with prior permission from
Maghrebi et al. [63])
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Fe(C5H5)2 — Fe + 2(C5H5) (1)

The rate of decomposition of ferrocene is given by [64]:

—209[ XL
—rA =10 x 10'4[5_1] exp(#) Crer 2

Hence, the mass balance equation for ferrocene decomposed in the reactor is given
by [64]:

_kcfer = Urvcher (3)

The mass balance equation of iron production ferrocene is given by [64]:

4Kc Diane
D2, — D?

out

k Cfe - = Ur Vz Cfer (4)

Xylene undergoes thermal decomposition into toluene, benzene, methane, and C2
hydrocarbons. However, Masouleh et al. assumed the conversion of xylene to CNTs
as a one-step reaction as follows [64]:

—(k\ + kenr) Cx = U, V.Cy (5)

The amount of iron particles formed in the reactor directly affects the formation
of CNTs as these iron particles act as nucleation sites for the growth of CNTs. The
amount of iron nanoparticles formed is given by [64]:

Dgut — D12n
® = M KcCfe————t
4(D0ut + Din)L

(6)

They observed that an increase in ferrocene concentration leads to an increase
in the amount of iron produced which in turns increases CNT production following
Eq. 7 [64]:

(7

4(Dyy D, —FE
kiy = kocmw ® exp <ﬂ)

D gut - D 12n RT

It was found that higher concentration of xylene and ferrocene leads to larger
CNTs. Though, there is a20% difference in the model prediction and the experimental
value. They also observed that the maximum CNT heights were attained in the
temperature range of 825-875 °C [64].

Where C; = component (i) molar concentration (mol/m?); Dj, = substrate diam-
eter (m); Doy, = quartz reactor diameter (m); koo = pre-exponential factor for the



194 A. Shah et al.

a “atalyst]
NGy o
\(-.I 1, / (; lnlyb'
@ =) oy | =
Catalyst Support Catalyst Support Catalyst Support
Substrate Substrate Substrate
b
C,H C.H
\i = i/ \ )l/ C.H C,H, C,H, C.H,
P T ~a (JCGR) «— s (CaalysR) «—
Catalyst Support Catalyst Support Talalyst Support
Substrate Substrate Substrate

Fig. 2 Tip growth (a) and base growth (b) mechanisms of CNT (Reproduced with prior permission
from Venkataraman et al. [65])

formation of amorphous carbon (m/s); kocnt = pre-exponential factor for the forma-
tion of graphitic carbon (m3/g of Fe); k’cnt = rate constant of CNT formation (1/s);
t =time (s); U, = feedstock velocity (m/s); e = weight by surface area of Fe (g/mz);
r4 = ferrocene decomposition rate; and Mg, = molecular weight Fe (56 kg/kmol).

Tip growth and base growth mechanism: The hydrocarbon vapor decom-
poses into carbon and hydrogen when it touches metal or catalyst and subsequently
hydrogen gas evaporates. Tip growth or base growth model for CNT growth depends
upon the type of catalyst—substrate interaction. Tip growth of CNT occurs by the
poor interaction of the hydrocarbon with metal catalyst due to the low concentra-
tion of metal. The base growth of CNT is facilitated by the strong interaction of
hydrocarbon vapor with the catalyst, due to the higher concentration of metal avail-
able in the reaction [65]. Gohier et al. [66] reported a base growth model of CNT
with smaller structures like SWCNTs or FWCNTs. However, they observed that the
growth model switches from tip growth to base growth with decreasing particle size
of the catalyst (Fig. 2).

3 Conclusion

In this work, we have reviewed the effects of various reaction parameters for the
growth of CNTs. The optimum and best conditions of the reaction parameters have
been described. The transition metal-based catalysts were found to be the better cata-
lysts for CNT growth alongside porous substrates. The optimum growth temperature
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range is found to be 700-750 °C; however, the growth temperature for SWCNTs is
around 1000 °C. It is found in many experiments that ferrocene plays an important
role as floating catalysts alone or along with other catalysts. It is also to be noted that
many experiments use sulfur-based compounds, which act as promoters for SWCNT
growth. It is found from the literature that the long-chain aliphatic hydrocarbons
favor the growth of MWCNTs and a stable carbon compound like aromatic hydro-
carbons favor the growth of SWCNT. A moderate growth time (maybe 25-35 min)
can be an optimized growth time for better graphitization of CNTs. Optimization
of growth parameters with different reactor types is still a less studied topic and
needs attention in future work. Future work may involve theoretical and modeling
work to understand the underlying mechanism of CNT growth, along with extensive
experimentation with the growth parameters to complement the modeling work.

Acknowledgements Authors would like to acknowledge DST-SERB, Government of India, for
financial support through SERB project (No. EMR/2016/004219) sanctioned to Dr. Mrityunjoy
Mahato.

References

1. TIijima S (1991) Helical microstructures of graphitic carbon. Nature 354:56-58
2. De Volder MFL, Tawfick SH, Baughman RH, Hart AJ (2013) Carbon nanotubes: present and
future commercial applications. Science 339:535-539
3. Eatemadi A, Daraee H, Karimkhanloo H, Kouhi M, Zarghami N, Akbarzadeh A, Abasi M, Hani-
fehpour Y, Joo SW (2014) Carbon nanotubes: properties, synthesis, purification, and medical
applications. Nanoscale Res Lett 9:393-406
4. Allaedini G, Tasirin SM, Aminayi P, Yaakob Z, MeorTalib MZ (2016) Carbon nanotubes via
different catalysts and the important factors that affect their production: a review on catalyst
preferences. Int J Nano Dimens 7:186-200
5. Elliott JA, Sandler JKW, Windle AH, Young RJ, Shaffer MSP (2004) Collapse of single-walled
carbon nanotubes is diameter dependent. Phys Rev Lett 92(9):1-4
6. Saifuddin N, Raziah AZ, Junizah AR (2013) Carbon nanotubes: a review on structure and their
interaction with proteins. ] Chem 2013:1-18
7. Yu MF, Files BS, Arepalli S, Ruoff RS (2000) Tensile loading of ropes of single wall carbon
nanotubes and their mechanical properties. Phys Rev Lett 84:5552-5555
8. Hana Z, Fina A (2011) Thermal conductivity of carbon nanotubes and their polymer
nanocomposites: a review. Prog Polym Sci 36:914-944
9. Baughman RH, Zakhidov AA, Heer WA (2002) Carbon nanotubes: the route toward
applications. Science 297:787-792
10. Ionescu AM, Riel H (2011) Tunnel field-effect transistors as energy-efficient electronic
switches. Nature 479:329-337
11. Riggs JE, Guo Z, Carroll DL, Sun Y-P (2000) Strong luminescence of solubilized carbon
nanotubes. ] Am Chem Soc 122:5879-5880
12. DaiL, Chang DW, Baek JB, Lu W (2012) Carbon nanomaterials for advanced energy conversion
and storage. Small 8:1130-1166
13. Kohler AR, Som C, Helland A, Gottschalk F (2008) Studying the potential release of carbon
nanotubes throughout the application life cycle. J Cleaner Prod 16:927-937
14. Gojny F, Wichmann M, Kopke U, Fiedler B, Schulte K (2004) Carbon nanotube-reinforced
epoxy-composites: enhanced stiffness and fracture toughness at low nanotube content. Compos
Sci Technol 64:2363-2371



196

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

A. Shah et al.

He H, Pham-Huy LA, Dramou P, Xiao D, Zuo P, Pham-Huy C (2013) Carbon nanotubes:
applications in pharmacy and medicine. BioMed Res Int 4:145-156

Mahmood SS, Atiya AJ, Abdulrazzak FH, Alkaim AF, Hussein FH (2021) A review on
applications of Carbon Nanotubes (CNTs) in solar cells. ] Med Chem Sci 4:225-229

Mroz P, Tegos GP, Gali H, Wharton T, Sarna T, Hamblin MR (2008) Fullerenes as photosensi-
tizers in photodynamic therapy. Med Chem Pharmacol Potential Fullerenes Carbon Nanotubes
:79-106

Hu J, Odom TW, Lieber CM (1999) Chemistry and physics in one dimension: synthesis and
properties of nanowires and nanotubes. Acc Chem Res 32:435-445

Iyer VS, Vollhardt KPC, Wilhelm R (2003) Near-quantitative solid-state synthesis of carbon
nanotubes from homogeneous diphenylethynecobalt and—Nickel complexes. Angew Chem
115:4515-4519

Cho WS, Hamada E, Kondo Y, Takayanagi K (1996) Synthesis of carbon nanotubes from bulk
polymers. Appl Phys Lett 69:278-279

Couteau E, Hernadi K, Seo JW, Thien-Nga L, Miké C, Gaal R, Forro L (2003) CVD synthesis
of high-purity multiwalled carbon nanotubes using CaCO3 catalyst support for large-scale
production. Chem Phys Lett 378:9-17

Wang Y, Gupta S, Nemanich R, Liu Z, Qin L (2005) Hollow to bamboolike internal structure
transition observed in carbon nanotube films. J Appl Phys 98:014312 (1-6)

Grobert N (2007) Carbon nanotubes-becoming clean. Mater Today 10:28-35

Abbasi E, Aval SF, Akbarzadeh A, Milani M, Nasrabadi HT, Joo SW, Hanifehpour Y, Koshki
KN, Asl RP (2014) Dendrimers: synthesis, applications, and properties. Nanoscale Res Lett
9:247-255

Yacaman MJ, Yoshida MM, Rendon L, Santiesteban JG (1993) Catalytic growth of carbon
microtubules with fullerene structure. Appl Phys Lett 62:202-204

Mora E, Pigos JM, Ding F, Yakobson BI, Harutyunyan AR (2008) Low-temperature single-
wall carbon nanotubes synthesis: feedstock decomposition limited growth. ] Am Chem Soc
130:11840-11841

Nessim GD, Seita M, O’Brien KP, Hart AJ, Bonaparte RK, Mitchell RR, Thompson CV (2009)
Low temperature synthesis of vertically aligned carbon nanotubes with electrical contact to
metallic substrates enabled by thermal decomposition of the carbon feedstock. Nano Lett
9:3398-3405

Xiao Y, Ahmed Z, Ma Z, Zhou C, Zhang L, Chan M (2019) Low temperature synthesis of
high-density carbon nanotubes on insulating substrate. Nanomaterials 9:473-482

Nessim GD (2010) Properties, synthesis, and growth mechanisms of carbon nanotubes with
special focus on thermal chemical vapor deposition. Nanoscale 2:1306—1323

Tessonnier J, Su DS (2011) Recent progress on the growth mechanism of carbon nanotubes: a
review. Chemsuschem 4:824-847

Dupuis A (2005) The catalyst in the CCVD of carbon nanotubes—a review. Prog Mater Sci
50:929-961

Jourdain V, Bichara C (2013) Current understanding of the growth of carbon nanotubes in
catalytic chemical vapor deposition. Carbon 58:2-39

Hussein MZ, Jaafar AM, Yahaya AH, Masarudin MJ, Zainal Z (2014) Formation and yield
of multi-walled carbon nanotubes synthesized via chemical vapour deposition routes using
different metal-based catalysts of FeCoNiAl, CoNiAl and FeNiAl-LDH. Int J Mol Sci
15:20254-20265

Nagaraju N, Fonseca A, Konya Z, Nagy JB (2002) Alumina and silica supported metal catalysts
for the production of carbon nanotubes. J] Mol Catal A: Chem 181:57-62

Seo JW, Hernadi K, Miko C, Forro L (2004) Behavior of transition metals catalysts over laser-
treated vanadium support surfaces in the decomposition of acetylene. Appl Catal A 260:87-91
Lee CJ, Park J, Yu JA (2002) Catalyst effect on carbon nanotubes synthesized by thermal
chemical vapor deposition. Chem Phys Lett 360:250-255

Nath A, Shah A, Singh LR, Mahato M (2021) Waste plastic-derived NiO-MWCNT composite
as visible light photocatalyst for degradation of methylene blue dye. Nanotechnol Environ Eng
6 (3):1-14



Parameters Involved in CVD Growth of CNT: A Review 197

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Senapati S, Shah A, Patra PK, Mahato M (2021) Measurement of elastic modulus of CNT
composites: a nondestructive study. In: Fullerenes, nanotubes and carbon nanostructures
30:290-296

Samuel J, Shah A, Kumar D, Singh LR, Mahato M (2021) Preparation, characterization and
some electrochemical study of waste derived iron Oxide-Carbon nanocomposite. Mater Today:
Proc 47:1048-1053

Das HJ, Shah A, Singh LR, Mahato M (2021) Waste derived low cost PbO-Carbon
nanocomposite and its energy storage application. Mater Today: Proc 47:1072-1077
Schneider JJ, Maksimova NI, Engstler J, Joshi R, Schierholz R, Feile R (2008) Catalyst free
growth of a carbon nanotube—alumina composite structure. Inorg Chim Acta 361:1770-1778
Hussain A, Liao Y, Zhang Q, Ding E, Laiho P, Ahmad S, Wei N, Tian Y, Jianga H, Kauppinen
E (2018) Floating catalyst CVD synthesis of single walled carbon nanotubes from ethylene for
high performance transparent electrodes. Nanoscale 10:9752-9759

Zhu HW, Xu CL, Wu DH, Wie BQ, Vajtai R, Ajayan PM (2002) Direct synthesis of long
single-walled carbon nanotube strands. Science 6:884-886

Cheng HM, Li F, Su G, Pan HY, He LL, Sun X (1998) Large-scale and low-cost synthesis
of single-walled carbon nanotubes by the catalytic pyrolysis of hydrocarbons. Appl Phys Lett
72:3282-3284

Radhakrishnan JK, Pandian PS, Padaki VC, Bhusan H, Rao KUB, Xie J, Abraham JK, Varadan
VK (2009) Growth of multiwalled carbon nanotube arrays by chemical vapor deposition over
iron catalyst and the effect of growth parameters. Appl Surf Sci 255:6325-6334

Mohammed IA, Bankole MT, Abdulkareem AS, Ochigbo SS, Afolabi AS, Abubakre OK
(2017) Full factorial design approach to carbon nanotubes synthesis by CVD method in argon
environment. S Afr J Chem Eng 24:17-42

Liu J, Jiang Z, Yu H, Tang T (2011) Catalytic pyrolysis of polypropylene to synthesize carbon
nanotubes and hydrogen through a two-stage process. Polym Degrad Stab 96:1711-1719

Li Y, Zhang X, Tao X (2004) Growth mechanism of multiwalled carbon nanotubes with or
without bundles by catalytic deposition of methane on Mo/MgO. Chem Phys Lett 386:105-110
Venkatesan S, Visvalingam B, Mannathusamy G, Viswanathan V, Rao AG (2018) Effect of
chemical vapor deposition parameters on the diameter of multi-walled carbon nanotubes. Int
Nano Lett 8:297-308

Shah KA, Najar FA, Sharda T, Sreenivas K (2018) Synthesis of multi-walled carbon nanotubes
by thermal CVD technique on Pt—-W-MgO catalyst. J Taibah Univ Sci 12:230-234
Shukrullah S, Mohamed NM, Khan Y, Naz MY, Ghaffar A, Ahmad I (2017) Effect of gas flow
rate on nucleation mechanism of MWCNTs for a compound catalyst. J Nanomater 2017:1-9
Bone WA, Coward HF (1908) The thermal decomposition of hydrocarbons. J Chem Soc Trans
93:1197-1225

Li Z, Chen J, Zhang X, Li Y, Fung KK (2002) Catalytic synthesized carbon nanostructures
from methane using nanocrystalline Ni. Carbon 40:409-415

Gulino G, Vieira R, Amadou J, Nguyen P, Ledoux MJ, Galvagno S, Centi G, Huu C (2005)
C,Hg as an active carbon source for a large-scale synthesis of carbon nanotubes by chemical
vapor deposition. Appl Catal A 279:89-97

Zhou Z, Ci L, Chen X, Tang D, Yan X, Liu D (2003) Producing cleaner double-walled carbon
nanotubes in a floating catalyst system. Carbon 41:2607-2611

Li Q, Yan H, Zhang J, Liu Z (2004) Effect of hydrocarbons precursors on the formation of
carbon nanotubes in chemical vapor deposition. Carbon 42:829-835

Das N, Dalai A, Mohammadzadeh JSS, Adjaye J (2006) The effect of feedstock and process
conditions on the synthesis of high purity CNTs from aromatic hydrocarbons. Carbon 44:2236—
2245

Demirbas A (2004) Pyrolysis of municipal plastic wastes for recovery of gasoline-range
hydrocarbons. J Anal Appl Pyrolysis 72:97-102

Encinar JM, Gonzélez JF (2008) Pyrolysis of synthetic polymers and plastic wastes. Kinetic
study. Fuel Process Technol 89:678-686



198

60.

61.

62.

63.

64.

65.

66.

A. Shah et al.

Wu C, Nahil MA, Miskolczi N, Huang J, Williams PT (2014) Processing real-world waste
plastics by pyrolysis-reforming for hydrogen and high-value carbon nanotubes. Environ Sci
Technol 48:819-826

Rodiles X, Reguero V, Vila M, Alemén B, Arévalo L, Fresno F, Shea VA, Vilatela JJ (2019)
Carbon nanotube synthesis and spinning as macroscopic fibers assisted by the ceramic reactor
tube. Sci Rep 9:9239-9249

Sengupta J (2018) Handbook of nanomaterials for industrial applications. In: Micro and nano
technologies. Elsevier, Netherlands

Maghrebi M, Khodadadi AA, Mortazavi Y, Mhaisalkar S (2009) Detailed profiling of CNTs
arrays along the growth window in a floating catalyst reactor. Appl Surf Sci 255:7243-7250
Masouleh LS, Mostoufi N, Khodadadi A, Mortazavi Y, Maghrebi M (2012) Modeling the
growth of carbon nanotubes in a floating catalyst reactor. Ind Eng Chem Res 51:1143-1149
Venkataraman A, Amadi EV, Chen Y, Papadopoulos C (2019) Carbon nanotube assembly and
integration for applications. Nanoscale Res Lett 14:220-267

Gohier A, Ewels CP, Minea TM, Djouadi MA (2008) Carbon nanotube growth mechanism
switches from tip-to base-growth with decreasing catalyst particle size. Carbon 46:1331-1338



A Mini-Review on Emerging Trend M)
of Co(II)/Ln(IIT) Complexes Lz
as Single-Molecule Magnets

Pooja Shukla, Manu Ezhava, Soumalya Roy, Asadulla Mallick,
and Sourav Das

1 Introduction

The field of SMM which was first pioneered by the discovery of a dodecanuclear
[Mn;,012(CH3CO;)12(H,0)4]-4H,0-2CH3COOH [1] (1) complex has sparked a
worldwide research interest based on their multifarious application in the field of
storage device [2], quantum computing [3], spintronic devices [4] and magnetic
refrigeration [5], and others. The success (or not) of an SMM depends on two main
parameters which are effective energy barrier U and blocking temperature 7'g
[6]. The value of T is governed by the height of the anisotropy barrier which is
regulated by ground-state spin S and negative anisotropy D. Later on theoretical
studies have shown that large S and strong D cannot be simultaneously observed
within one molecule [7]. This led to the blossoming of Ln-based SMM with the
pioneering work of double-decker phthalocyanine (Pc) complexes [LnPc,]~ (Ln™
= Tb, Dy) [8], where Ln ions provide large magnetic anisotropy to the system.
Using Ln ions remarkable energy barrier as high as 1837 K [9] and blocking temper-
ature of 80 K [10] are reported. However, one major drawback of these Ln™-based
complexes is a decrease in blocking temperature because of quantum tunneling of
magnetization (QTM) [11]. The main challenge for the researcher is to overcome
QTM which can be reduced by the introduction of exchange interaction in complex,
thereby increasing the exchange coupling interaction (J) which enhances the degree
of covalency of the metal-ligand bond [12]. For that reason, 3d-4f heterometallic
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architecture induces strong interaction between metal ions where magnetic exchange
between the metal center occurs via super exchange mechanism through diamagnetic
ligand which reduces the QTM and enhances U, and T'g. In that respect ligand
designing plays an important role. An axial ligand field is required for the ions that
possess largest angular momentum belongs from oblate states like Tb'™, Dy™, and
on the other hand, equatorial field is required for prolate states like Er'" and Yb™
[13]. So, to overcome the QTM several methods are applied; one of them includes
synthesizes of heterometallic complexes. The first heterometallic metal complex
SMM synthesized was a Cu,Tb, complex whose structure is shown in Fig. 1 [14].
Later on, a variety of 3d metal ions were used owing to their individual character-
istics. For example, Murray and group have reported a heterometallic Cr,™Ln,™
complex where strong magnetic interaction between Cr'" and Ln™ metal ions, QTM
was significantly quenched, thereby enhancing the blocking temperature 7y [15].
Another aspect of heterometallic complexes is that by using several 3d metal ions
one can elevate the crystal field present in lanthanide ions and thus can increase the
energy barrier [16]. One of the main categories is cobalt lanthanide-based SMM.
For Co'! ion, the magnetic anisotropy does not depend on first-order orbital angular
momentum, however, based on second-order orbital angular momentum [17, 18].
This mixing of ground state to excited state is regulated by the geometry of the
system. Further, the D value of the cobalt ion can also be tuned by utilizing certain
multidentate ligands to link Co'" ions with other Ln'" ions. This becomes the main
focus of this chapter where recent examples of Co(II)/Ln(III) are used to depict the
importance of ligand design and coordination geometry on the magnetic properties.
The later sections will deal with very recent examples based on their nuclearity.

Fig. 1 Ball and stick diagram of Cu;Tby complex



A Mini-Review on Emerging Trend of Co(II)/Ln(IIT) Complexes ... 201

2 Co/Ln Coordination Clusters with Various Nuclearity

2.1 Dinuclear Complexes

Ray and group have utilized a simple ligand LH = 3-methoxy-N-(2(methylsulfanyl)
phenyl)salicylaldimine) to synthesize a new dinuclear Co/Ln™ complexes
[Ln™MCo"L,(NO;3);]-H,0 {Ln™ = La(2), Gd(3), Tb(4), Dy(5), Ho(6)} whose
detailed experimental and theoretical properties are studied [19]. The ligand used
is chosen due to its coordination pockets which consists of coordination pockets
favoring the binding of both Co™! and Ln'! ions simultaneously. Also, the binding
of lanthanide metal ion provides a distortion to the geometry of Co'" ion which is
further favored due to the presence of~SM e group at axial positon which due to its
large size creates a large deviation in bond parameters. Thus, this feature makes this
Co"'-Ln™" family the first example of a dinuclear heterometallic complex having
a distorted octahedral Co'' metal that exists in between fac and mer geometric
isomers. These complexes are formed by the action of the ligand with LiOH in
acetonitrile; to which CoCl,. 6H,O was added and stirred for three hours which was
filtered to give red colored crystals. The neutral complex comprises of two ligand
L~ bridging metal centers with two phenoxido bridges. Magnetic analysis reveals
ferromagnetic interaction in compounds 3—-6 between the Co—Ln ions. Theoretical
calculations show 2 and 3 as weak SIM (single ion magnet) and SMM, respectively,
solely based on anisotropy of Co! ion. Kou and group [20] have synthesized a
Co"/Ln™ [Co(HsL)Dy(DBM),(H,0)](C104)o.5-3H,0 (7) chiral complex where
the enantiomer of 7 is obtained in the same pot. The complex 7 consists of a cationic
structure [Co(Hg sL)Dy(DBM),(H,0)]%>* with one ligand, Co" ion, Dy ion along
with two DBM™ molecules. The experimental ¥y T value of 7 is similar to that
of the theoretical value for one Dy'" ion. Ac magnetic susceptibility measurement
under 2000 Oe shows an energy barrier of 53.1 K and 1o = 2.0 x 1078 s. Further, the
experimental energy barrier matches well with the theoretical value and depicts that
QTM between two ground states was suppressed in fitting temperature range and
the relaxation mechanism in 7 is governed by Orbach and Raman process (Fig. 2).
Chandrasekhar and group [21] have used a ferrocene-based ligand to synthe-
size four complexes [Co(u-L)(u-CCl3COO0)Y(NOs3),]-2CHCIl;-CH3CN-2H,0
®), [Co(u-L)(CH3CO0)Y(NO3),]-CH3CN ®), [Co(u-L)(u-
PhCOO)Y(NO3),]-3CH3CN-2H,0 (10), and [Co(u-L)-(u-
tBuCOO)Y(NOs),]-CHCI3-2H,0 (11); all have them having Co"Y™ core. The
complex was synthesized by the addition of ligand LH, in CHCl3/MeOH to
Co(ClOy), and Y(NOs3); along with base triethylamine. For complex 9, Co(OAc),
is used instead of Co(ClQy4), and the solution is refluxed for three hours. The
experimental xuT value of all complexes is comparable with that of theoretical
ones. Ac magnetic susceptibility measurement for all complexes was studied at
1200 Oe. The data from Arrhenius plot reveals energy barrier and 1y of 8.4(6) K
and 3.2(4) x 1076 s for 8; Ues of 11.0(4) K and 19 = 2.5(2) x 107° s for 9; U of
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Fig. 2 a Ball and stick diagram of 7. b Temperature dependence of relaxation time for 7

13.7(8) K and 19 = 2.6(4) x 107¢ s for 10 and U of 18.7(6) K and 1y = 7.4(9) x
1077 s for 11. The Debye model reveals a single relaxation process for 8-10.

2.2 Trinuclear Complexes

The first Co'/Ln™ SMM [L,Co,Gd][NO3]-2CHCl; (12) was synthesized by Chan-
drasekhar and group using a phosphorus-based tris hydrazone ligand where all metal
ions Co—Gd—Co are arranged in a linear manner [22]. The structure involves two
ligands holding together three metal ions along with one mole of nitrate ion. Ac
magnetic susceptibility measurement shows an energy barrier of 27.2 K and 1y =
1.7 x 10~7 s confirming the SMM behavior of the complex (Fig. 3).

Nguyen and group have synthesized a stable trinuclear complex
[LnCos(L)»(1t1,300CCH3),X] where Ln™ = La (13), Ce(14), Nd(15), Sm(16),

(b)
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Fig. 3 a Ball and stick diagram of 12. b t versus T~ plot at Hg. = 0
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Gd(17), Dy(18), Er(19), and Yb(20) and X = k,-CH3COO~ or Cl~ using one-
pot reaction of 2,6-dipicolinoylbis(N, Ndiethylthiourea) with cobalt acetate and
lanthanide chloride in methanol along with base trimethylamine [23]. The struc-
ture consists of two ligands with two moles of cobalt ion and one lanthanide
ion along with two acetate ions acting as bridging mode between Co' and
Ln™ jon. Further, coordination around Ln™ ijon is provided by acetate ion for
13, 17, while rest of complex is coordinated by chloride ion. Magnetic studies
reveal weak antiferromagnetic interaction with Jco.co = —0.49 cm~!. Further,
CoDyCo analogue shows antiferromagnetic interaction while rest of the CoLnCo
analogues shows ferromagnetic interaction. Papatriantafyllopoulou and group
have employed di-2-pyridyl ketone, (py),CO to prepare four Co/Ln™ clusters
[Co2Ln{(py)>C(OE)(0)}4(NO3)(H,0)]2[M(NO3)51(ClO4), (Ln'™ = Gd (21), Dy
(22), Tb (23), Y (24)) [24]. The cationic part of the complex consists of two Co!!
ion, one Gd"! ion along with four ligands (py),C(OEt)(O)~. Weak ferromagnetic
interaction of Jco_co = +1.3 and +0.40 cm™! is observed for 21 and 24, respectively.
Ac magnetic susceptibility measurement reveals a weak out-of-phase signal which
might depict complex 22 being a weak SMM.

2.3 Tetranuclear Complexes

Ray and group have reported two families of Co™M-Ln™ [Ln™,Co™,L,(N-
BuDEA),(0,CCMej)4(H,0),] (Ln = Gd (25), Tb (26), Dy (27)) and pentanuclear
Ln'™,Co""Co™, L,(N-BuDEA),(0,CCMe;)s(MeOH), (Ln = Dy (28), Ho (29))
using ligands H,L (o-vanillin oxime) and N-BuDEAH, (N-butyldiethanolamine)
(Fig. 4a) [25]. The tetranuclear series is formed by the reaction of Co,(u-
OHQ)(OQCCM63)4(H02CCMC3)4 and LH(NO3)3 with N-BUDEAH2 followed by
addition of ligand and base in ratio 0.5:1:1:1:4 in MeOH/DCM. The tetranuclear
complex consists of {Ln",Co™,} core with two ligands and two N-BuDEA?~

Fig. 4 Ball and stick diagram of a 27 and b 35 where H atoms apart from in water molecules are
omitted
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anions. With the J value of —0.09 cm™!, the presence of weak antiferromagnetic
exchange interaction between Gd'! centers is reported. No maxima peaks are reported
for 27 in Ac magnetic susceptibility measurement. Dong and group have synthesized
alinear [LnyCo,(3,4-DCB);((2,2'bpy)>] (Ln"™ = Nd (30), Sm (31), Eu (32), Gd (33),
Tb (34), Dy (35), and Er (36)) complex using 3,4-dichlorobenzoic acid (3,4-HDCB),
2,2-bipyridine (2,2'-bpy) as ligands (Fig. 4b) [26]. The structural analysis reveals
complexes having linear arrangement Co''-Ln"-Ln™-Co™ formed with two Co!!
and Dy'ions each, two 2,2’-bpy co-ligands and ten 3,4-DCB anions. Ac magnetic
susceptibility measurements at zero dc field of 35 reveal frequency-dependent out-
of-phase signal; however, no maxima peak is observed. Li and group have reported
tetranuclear complexes [Ln,Co,(hfac);o(NITPhPybis),] [Ln™ = Gd (37), Tb (38),
Dy (39), and Ho (40); formed using nitronyl nitroxide biradical ligands having pyri-
dine groups which grasps Co' and Ln'! ions together [27]. A centrosymmetric
cyclic structure is formed using Co"! and Ln'" depicting a rare octaspin motif. Ac
magnetic susceptibility measurement reveals 38 and 39 displaying slow relaxation
of the magnetization behavior.

2.4 Higher Nuclearity Complexes

In this section, complexes having nuclearity higher than four are described. Only
recent representative examples are discussed.

The pentanuclear complexes 28 and 29 described in the previous section
consist of {Ln™, Co™, Co} core with two L>~ and two N-BuDEA2~
anions [25]. The Co-Ln exchange interaction is ferromagnetic for 28 while
it is antiferromagnetic for 29. Magnetic analysis depicts out-of-phase suscep-
tibility in 28. Zhao and group have synthesized a hexanuclear Co™M4Ln™,
clusters [Co4Ln;(143-0)2(1-N3)2(OH)2(H,0),(HL)4]-(CH3CO,),-20H,0 [La™ =
Dy (41), Gd (42), Tb (43), Eu (44) and Ho (45)] using 2-[Bis(pyridin-2-
ylmethyl)amino]-2(hydroxymethyl)propane-1,3-diol ligand [28]. The structural
arrangement consists of four Co™ ions, two Dy ions, four HL?>~, two N3~
ligands, two “3-02‘, two water molecules and two acetate ions forming a
lucanidae like arrangement. Ac magnetic susceptibility measurements reveal an
energy barrier of 73.51 K and = 1.68 x 107% s. Liang and group have
recently explored the effect of solvent by synthesizing two decanuclear clus-
ters [Dy2C08 (,LL3OCH3 )2(L)4(HL)2(OAC)2(NO3 )2(CH3CN)2]'CH3CN-H20 (46) and
[Dy4C06(L)4(HL)2(OAC)6(OCH2CH20H)2(HOCHQCHQOH)(Hzo)]'9CH3CN (47)
[29]. The only difference in the reaction process was the change of reaction solvent
from methanol and acetonitrile in 46 to acetonitrile and ethylene glycol in 47.
The structure of 46 is formed by two DyHI, eight Co ions, four L3~, two HL?",
two acetate ions, two (CH30)~ and CH3CN ligand. While for 47, it contains four
Dy™, six Co" ions, three L3~, three HL?~, six acetate ions, three coordinated
(HOCH,CH,0)~ ion along with one coordinated water molecule. Ac magnetic
susceptibility measurements reveal an energy barrier of 14.89 K and p = 1.68 x
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Fig. 5 Ball and stick diagram of 48

107 s for 46 and energy barrier of 5.49 K and o = 2.88 x 1073 s for 47 at zero
dc field. Dou and group have synthesized a series of butterfly shaped metallacrowns
(MCs) [Dy(pyzic){Dy3Cos (pyzha)s(*pyzha)(NOs),(H,0)(MeOH), } 1> (Lo = Dy
(48), Ho (49) and Tm (50)) using pyrazinehydroxamic acid and pyrazinic acid ligands
(Fig. 5) [30]. At zero dc field, U is 1.46 K and 19 = 2.4 x 1073 s for 48 (Table 1).

3 Summary

The heterometallic complexes of Co/Ln represent an interesting class of molecular
magnets with fascinating structures and magnetic properties. Co'! provides a large
spin—orbit coupling which when combined with highly anisotropic Ln™ ion can
lead to the formation of SMMs with better properties. The role of ligand and the
coordination geometry surrounding the metal ions plays a vital part in modulating
the magnetic properties. While considerable progress is made in this field, proper
designing of complexes can certainly lead to the development of SMM with superior
properties. Apart from this, a chemist also requires a strong theoretical understanding
of the complexes which seems to be lacking. Backed by this knowledge, synthetic
chemists can strategically plan designs to enhance the SMM behavior of Co/Ln
complexes.
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1 Introduction

Biothiols such as cysteine (Cys), homocysteine (Hcy), and glucathione (GSH) plays
a crucial role in the living systems [1]. In particular, Cys performs various roles in
biological processes like metabolism and protein synthesis [2]. Alterations in cellular
Cys levels cause various diseases, like Alzheimer’s [3], cancer [4], cardiovascular [5],
diabetes mellitus [6], and skin disease [7]. As a result, monitoring Cys levels in the
organelles is considered critical for the understanding of its biological roles, which
could lead to early detection of the related disorders. Progress in this field still needs
further optimization due to the difficulty in differentiating Cys from GSH and Hcy in
sub-cellular level. Development of various analytical approaches for detecting Cys
levels in vivo has recently piqued people’s attention. Instrumental analytical tech-
niques for Cys detection such as HPLC, capillary electrophoresis, mass spectrometry,
and electrochemical methods are not convenient for high-throughput clinical anal-
ysis or research because of their inherent limitations of high costs and time-intensive
process [1]. In recent times, chemosensor-based optical probes (fluorescent) have
been extensively developed due to their high sensitivity, specificity, ease of implemen-
tation, and short reaction time [1, 2]. These fluorescent probes can detect Cys in cells
without damaging them, because of their non-invasive characteristics. Recently Cys-
triggered specific reaction probes depending on various mechanism like cyclization
with aldehydes, Michael addition, cyclization with acrylates, nucleophilic substitu-
tion, and Sy Ar reaction have been developed to understand the physiological function
of Cys [8, 9]. The in cellulo and in vitro identification of biological Cys molecule in
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living organism has been examined in detail using fluorescence imaging and other
approaches. For instance, Tao et al. have developed a BODIPY dye-based fluorescent
probe [10], and Zhang’s group designed a mitochondrial-targeted fluorescent probe
for Cys detection [11]. Further, Fan’s group has developed mitochondrial-based fluo-
rescent probe for the detection of Cys/Hcy and H,S simultaneous [12]. This review
intended to give brief overview on fluorescent chemosensors based on their molecular
scaffolds which were categorized by their mechanistic pathway for Cys detection.
Moreover, discussion pertaining to the use of nanomaterials in Cys detection is also
made. Finally, the obstruction and future scopes of fluorescent-based chemosensor
for Cys detection in the field of bio-imaging have been discussed.

Owing to the importance of the specific role of each cellular organelle, like endo-
plasmic reticulum (ER), lysosome, and mitochondria in the functioning of the cells,
and in the current work, focus is given on the studies regarding the in situ detection of
Cys inside these organelles. For instance, Cys was identified to assist in the degrada-
tion of cysteine-containing protein in lysosome, which plays a key role in sub-cellular
stress response involving the ER, Golgi apparatus, and regulating oxidative stress in
mitochondria. Therefore, various fluorescent probes were developed to detect the Cys
in lysosome, ER, and mitochondria. The design strategies for organelle-specific Cys
probes are shown in the Table 1. It is obvious from the table that a number of fluores-
cent probes specific for Cys detection have been developed based on the thio group’s
high nucleophilicity and redox characteristics. Fluorescent probes are designed by
certain cysteine-triggered mechanistic approach such as Cys-triggered reaction with
acrylate, metal, o, p unsaturated ketone, and thioester. Following section presents a
brief systematic account of these sensors.

2 Molecular Probes for Cys Detection

2.1 Cysteine Triggered Reaction with Acrylate

Cys-triggered reaction with acrylates is most promising addition cyclization reac-
tion for the detection of Cys only. These kinds of probes followed the mechanism of
protection of hydroxyl group with acrylate allowing nucleophilic addition reaction
of cysteine in the C = C bond of acrylate. The addition reaction is further followed
by cyclization to form a seven-membered ring by cleaving the hydroxy bond. GSH
and Hcy can also react with acrylates, but due to eight and ten-membered ring forma-
tion, the cleavage reaction is extremely slow. Acrylates-based sensors provide most
effective pathway for the specific detection of Cys. Songtao Cai et al. have devel-
oped a thioxanthene-indolium dye-based probe (probe 1) for Cys detection, which is
used as a lysosome-targetable fluorescent probe [13] (Fig. 1). Probe 2 is developed
based on the fluorophore merocyanine scaffold, which exhibits two photon excited
fluorescence for specific detection of Cys in mitochondria [14]. Unlike 2, probe 3
having the acrylate unit as a fluorescence quencher was linked to hydroxyl group
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Probe 6

Fig. 1 Acrylate-based probes for organelle cysteine detection

of fluorescein derivative [15] and a lipophilic cation unit. It acts as the mitochon-
dria biomarker which shows fluorescence enhancement with Cys in ethanol/HEPES
buffer solution, which was specific for the mitochondrial Cys detection (Fig. 1). Probe
4 developed by using two acrylate moieties followed the excited state intramolecular
charge transfer to achieve the specificity for Cys among other thiols [16]. Probe 9
followed the same mechanism as 4 and favors large Stokes shift of 210 nm when
treated with Cys [17] (Fig. 1). Probe 5 showed an “ON-OFF” fluorescence response
to Cysin 10 mM PBS/DMSO (4:1) at pH = 7.4 due to the presence of intramolecular
charge transfer (ICT) [18] (Fig. 1). The absorption of probe 6 shows 214 fold times
increase in the presence of Cys by rearranging the conjugated m-electron system of
Cys fluorophore [19] (Fig. 1). Probe 7 when reacted with Cys caused large Stokes
shift due to the arrangement of conjugated m-electron system of the fluorophore
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[20] (Fig. 1). Guomin Zhao et al. has developed probe eight-based on the Michael
addition/cyclization reaction mechanism to detect the presence of Cys [21] (Fig. 1).

2.2 Cysteine Triggered Cyclization Reaction

Cysteine detection involving nucleophilic attack at the probe followed by its cycliza-
tion is a well-known strategy. The C = S bond of probe 10 is attacked by Cys through
nucleophilic addition reaction with subsequent formation of a five-membered ring.
This caused a 210 nm Stokes shift at 450 nm in 10 mM PBS (30% DMSO) solu-
tion [8] (Fig. 2). Probe 11 having C = S group undergoes a similar nucleophilic
attack by Cys followed by cyclization. Addition of Cys thus inhibits the PET process
causing enhanced fluorescence [22] (Fig. 2). Probe 12 shows Cys-specific fluores-
cence enhancement due to cascade reaction (Fig. 2). A nucleophilic attack by Cys
sulfydryl group on the active site of aromatic moiety was followed by keto-enol
tautomerization to form a seven-membered stable ring as a byproduct [23]. Probe 13
shows 45-fold fluorescence enhancement when reacted with Cys owing to increase
of conjugation in form of keto-enol tautomerism [24] (Fig. 2).

/

Fig. 2 Molecular probes for detection of Cys by nucleophilic attack and cyclization process

Probe 12 Probe 13
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Fig. 3 Molecular probes for Cys detection mediated by metal ion, SyAr, and reaction with o,
unsaturated ketone and thioester

2.3 Cysteine Triggered Reaction with Metal

The fluorophore bearing hetero atoms like N, O, and S binds with metal site and
form a fluorophore-metal coordination compounds. Probe 14 was designed based on
the complexation-decomplexation mechanism (Fig. 3) for the detection of Cys. On
the coordination of the ligand CL to Cu?*, the probe 14 (CL-Cu) was formed and
it detect Cys selectively in 20 mM DMSO-HEPES solution (1:1, v/v, pH 7.4) with
increased fluorescence at 489 nm. Probe 14 was able to detect Cys selectively in ER

[1].

2.4 Cysteine Triggered Reaction with «, B Unsaturated
Ketone

Cysteine can react with o, f-unsaturated carbonyl compounds via the conjugate
addition pathway, which can lead to the fluorescence changes while monitoring
Cys in organelles. Jianb in Chao et al. developed probe 15, in which when Cys is
added, C = C double bond of the «, B-unsaturated ketone is attacked through the
addition reaction, thereby breaking the conjugation (Fig. 3). Therefore, change in
the fluorescence intensity can be observed with shorter response time [25].
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2.5 Cysteine Triggered Reaction with Thioester

Li Fan et al. developed a two-photon ratiometric probe 16 for Cys detection in mito-
chondria which follows ICT mechanism (Fig. 3). The sulfonate ester bond of probe
16 upon reaction with Cys undergoes cleavage leading to the elimination of the
byproduct, and thereby exhibiting red-shift in both absorption as well as emission
spectra [26]. A new two-photon fluorescent (TPF) probe 17 based on maleimide-
coupled naphthalimide molecular scaffold was reported for mitochondrial Cys detec-
tion, which shows d-PET process with 24.5-fold enhancement in fluorescence (Fig. 3)
[27].

2.6 Cysteine Triggered Reaction Followed by Rearrangement

Rearrangement in molecular scaffold could results in the formation of different phys-
ical properties. Considering the same, Hui Zhang et al. developed the probe 18. In
PBS (pH 7.4, 20% DMSO), probe 18 reacted with Cys through an addition followed
by SyAr reaction to form an amino coumarin derivative with five-membered cyclic
transition state, accompanied by the fluorescence enhancement by 19.5-folds [28].

3 Concluding Remarks

This review summarizes the fluorescent molecular probes for organelle-specific Cys
detection. The probes have been categorized on the basis of their interaction/reaction
mechanism with Cys. Incorporation of the organelle targeting groups for molecular
engineering of the fluorescent probes have been indicated wherever applicable. Many
of the probes reviewed showed the detection of Cys in the sub-micromolar to nano-
molar range. Two-photo fluorescent probes as well as NIR probes with better cell
penetration ability have been reported. Following observations were made during this
literature review: (1) The emergence of new reaction-based Cys probes is in great
supply because most of the response mechanisms can be triggered by biothiols.
However, non-reaction-based Cys-specific probes that can show reversible detection
of Cys is rarely reported. (2) Most of the probes that detect Cys also show similar
positive response toward other biothiols, therefore, reducing Cys-specificity of such
probes. (3) Mitochondria and lysosome specific Cys probes are not scarce, but there
is a scope and necessity of development of efficient Cys probes for Golgi and ER.
The mechanism of targeting the latter organelle is yet to be fully understood. (4)
There is need to expand the research in the area of the photostability of fluorescent
probe. However, the novel fluorescent molecular probes have enabled researchers to
study the role of Cys in common metabolic process and as a biomarker for body’s
stress response and probable disorder. This review is expected to help the reader
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in their quest for developing new efficient fluorescent probes for Cys detection in
sub-cellular environment.

Acknowledgements The authors would like to thank Pandit Deendayal Energy University (PDEU)
for basic infrastructural support and Office of Research and Sponsored Programs (ORSP) and
compliance units at PDEU for funding the research via Student Research Project through project
number R&D/SRP/2021/019.

References

1. Meng Q, Jia H, Succar P, Zhao L, Zhang R, Duan C, et al (2015) A highly selective and sensi-
tive ON-OFF-ON fluorescence chemosensor for cysteine detection in endoplasmic reticulum.
Biosens Bioelectron [Internet]. Elsevier 74:461-468. Available from http://dx.doi.org/https://
doi.org/10.1016/j.bios.2015.06.077

2. Yang X, Guo Y, Strongin RM (2011) Conjugate addition/cyclization sequence enables selec-
tive and simultaneous fluorescence detection of cysteine and homocysteine. Angew Chemie
[Internet] 123:10878-10881. Available from https://onlinelibrary.wiley.com/doi/https://doi.
org/10.1002/ange.201103759

3. Heafield MT, Fearn S, Steventon GB, Waring RH, Williams AC, Sturman SG (1990) Plasma
cysteine and sulphate levels in patients with motor neurone, Parkinson’s and Alzheimer’s
disease. Neurosci Lett [Internet] 110:216-220. Available from https://linkinghub.elsevier.com/
retrieve/pii/030439409090814P

4. Toyokuni S, Ito F, Yamashita K, Okazaki Y, Akatsuka S (2017) Iron and thiol redox signaling in
cancer: an exquisite balance to escape ferroptosis. Free Radic Biol Med [Internet] 108:610-626.
Available from http://dx.doi.org/https://doi.org/10.1016/j.freeradbiomed.2017.04.024

5. Clemente Plaza N, Reig Garcia-Galbis M, Martinez-Espinosa R (2018) Effects of the Usage
of 1-Cysteine (1-Cys) on Human Health. Molecules [Internet] 23:575. Available from http://
www.mdpi.com/1420-3049/23/3/575

6. Bellia F, Pietropaolo A, Grasso G (2013) Formation of insulin fragments by insulin-degrading
enzyme: the role of zinc(Il) and cystine bridges. J] Mass Spectrom [Internet] 48:135-140.
Available from https://onlinelibrary.wiley.com/doi/https://doi.org/10.1002/jms.3060

7. Yang Y, Wang Y, Feng Y, Cao C, Song X, Zhang G, et al (2019) Light-driven visualization of
endogenous cysteine, homocysteine, and glutathione using a near-infrared fluorescent probe.
J Mater Chem B [Internet] Royal Society of Chemistry 7:7723-7728. Available from http://
xlink.rsc.org/?DOI=CITB01645G

8. Ge C, Shen F, Yin Y, Chang K, Zhang X, Zhou P, et al (2021) A novel NIR fluorescence probe
with cysteine-activated structure for specific detection of cysteine and its application in vitro
and in vivo. Talanta [Internet] 223:121758. Available from https://doi.org/10.1016/j.talanta.
2020.121758

9. Zhang R, Yong J, Yuan J, Ping Xu Z (2020) Recent advances in the development of responsive
probes for selective detection of cysteine. Coord Chem Rev [Internet] 408:213182. Available
from https://doi.org/10.1016/j.ccr.2020.213182

10. Tao Y, Ji X, Zhang J, Jin Y, Wang N, Si Y, et al (2020) Detecting cysteine in bioimaging with
a near-infrared probe based on a novel fluorescence quenching mechanism. ChemBioChem
[Internet] 21:3131-3136. Available from https://onlinelibrary.wiley.com/doi/https://doi.org/10.
1002/cbic.202000313

11. Zhang X-P, Wang T-T, Yuan Z-H, Zhou Y, Yang Y-S, Zhu H-L (2019) A quinoxalinone-
derivated fluorescence sensor with optimized solubility for cysteine detection and biological
imaging. Dye Pigment [Internet] 171:107716. Available from https://doi.org/10.1016/j.dyepig.
2019.107716


https://doi.org/10.1016/j.bios.2015.06.077
https://doi.org/10.1016/j.bios.2015.06.077
https://doi.org/10.1002/ange.201103759
https://doi.org/10.1002/ange.201103759
https://linkinghub.elsevier.com/retrieve/pii/030439409090814P
https://linkinghub.elsevier.com/retrieve/pii/030439409090814P
https://doi.org/10.1016/j.freeradbiomed.2017.04.024
http://www.mdpi.com/1420-3049/23/3/575
http://www.mdpi.com/1420-3049/23/3/575
https://doi.org/10.1002/jms.3060
http://xlink.rsc.org/?DOI=C9TB01645G
http://xlink.rsc.org/?DOI=C9TB01645G
https://doi.org/10.1016/j.talanta.2020.121758
https://doi.org/10.1016/j.talanta.2020.121758
https://doi.org/10.1016/j.ccr.2020.213182
https://doi.org/10.1002/cbic.202000313
https://doi.org/10.1002/cbic.202000313
https://doi.org/10.1016/j.dyepig.2019.107716
https://doi.org/10.1016/j.dyepig.2019.107716

Fluorescent Probes for Cellular Organelle-Specific Detection ... 219

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Yang M, Fan J, Sun W, Du J, Peng X (2019) Mitochondria-anchored colorimetric and ratio-
metric fluorescent chemosensor for visualizing cysteine/homocysteine in living cells and
daphnia magna model. Anal Chem [Internet] 91:12531-12537. Available from https://pubs.
acs.org/doi/https://doi.org/10.1021/acs.analchem.9b03386

Cai S, Liu C, Jiao X, Zhao L, Zeng X (2020) A lysosome-targeted near-infrared fluorescent
probe for imaging endogenous cysteine (Cys) in living cells. ] Mater Chem B [Internet] 8:2269—
2274. Available from http://xlink.rsc.org/?DOI=C9TB02609F

Niu W, Guo L, Li Y, Shuang S, Dong C, Wong MS (2016) Highly selective two-photon
fluorescent probe for ratiometric sensing and imaging cysteine in mitochondria. Anal Chem
[Internet] 88:1908—1914. Available from https://pubs.acs.org/doi/https://doi.org/10.1021/acs.
analchem.5b04329

Han C, Yang H, Chen M, Su Q, Feng W, Li F (2015) Mitochondria-targeted near-infrared
fluorescent off—on probe for selective detection of cysteine in living cells and in vivo. ACS Appl
Mater Interfaces [Internet] 7:27968-27975. Available from https://pubs.acs.org/doi/https://doi.
org/10.1021/acsami.5Sb10607

Zhang H, Feng W, Feng G (2017) A simple and readily available fluorescent turn-on probe for
cysteine detection and bioimaging in living cells. Dye Pigment [Internet] 139:73—78. Available
from http://dx.doi.org/https://doi.org/10.1016/j.dyepig.2016.12.011

Tang L, Xu D, Tian M, Yan X (2019) A mitochondria-targetable far-red emissive fluorescence
probe for highly selective detection of cysteine with a large Stokes shift. J Lumin [Internet]
208:502-508. Available from https://doi.org/10.1016/j.jlumin.2019.01.022

Qian M, Xia J, Zhang L, Chen Q, Guo J, Cui H, et al (2020) Rationally modifying the
dicyanoisophorone fluorophore for sensing cysteine in living cells and mice. Sensors Actuators
B Chem [Internet] 321:128441. Available from https://doi.org/10.1016/j.snb.2020.128441
Zhao G, Yang W, Li F, Deng Z, Hu Y (2020) A turn-on fluorescent probe for real-time detection
of endogenous cysteine in living cells. J Lumin [Internet] 226:117506. Available from https://
doi.org/10.1016/j.jlumin.2020.117506

Zhang X, He N, Huang Y, Yu F, Li B, Lv C, et al (2019) Mitochondria-targeting near-infrared
ratiometric fluorescent probe for selective imaging of cysteine in orthotopic lung cancer mice.
Sensors Actuators B Chem [Internet] 282:69-77. Available from https://linkinghub.elsevier.
com/retrieve/pii/S0925400518320100

Chen S, Hou P, Wang J, Fu S, Liu L (2018) A simple but effective fluorescent probe with large
stokes shift for specific detection of cysteine in living cells. J Photochem Photobiol A Chem
[Internet] 363:7-12. Available from https://doi.org/10.1016/j.jphotochem.2018.05.025

Zhang X, Liu C, Chen Y, Cai X, Sheng W, Zhu H, et al (2020) Visualization of the cysteine
level during Golgi stress using a novel Golgi-targeting highly specific fluorescent probe. Chem
Commun [Internet] 56:1807-1810. Available from http://xlink.rsc.org/?DOI=CI9CCO08796F
NiuL, Luo Y, Gan Y, Cao Q, Zhu C, Wang M, et al (2020) Novel cascade reaction-based fluo-
rescent cyanine chemosensor for cysteine detection and bioimaging in living system. Talanta
[Internet] 219:121291. Available from https://doi.org/10.1016/j.talanta.2020.121291

Yin K, Yu F, Zhang W, Chen L (2015) A near-infrared ratiometric fluorescent probe for cysteine
detection over glutathione indicating mitochondrial oxidative stress in vivo. Biosens Bioelec-
tron [Internet] 74:156—64. Available from http://dx.doi.org/https://doi.org/10.1016/j.bios.2015.
06.039

Chao J, Wang Z, Zhang Y, Huo F, Yin C, Li M, et al (2021) A pyrene-based fluorescent probe
for specific detection of cysteine and its application in living cell. J Fluoresc [Internet]. Journal
of Fluorescence 31:727-732. Available from http://link.springer.com/https://doi.org/10.1007/
$10895-021-02703-6

Fan L, Zhang W, Wang X, Dong W, Tong Y, Dong C, et al (2019) A two-photon ratiometric
fluorescent probe for highly selective sensing of mitochondrial cysteine in live cells. Analyst
[Internet]. Royal Society of Chemistry 144:439-447. Available from http://xlink.rsc.org/?DOI=
C8ANO01908H

Liu Y, Liu Y, Liu W, Liang S (2015) Two-photon fluorescent probe derived from naphthal-
imide for cysteine detection and imaging in living cells. Spectrochim Acta Part A Mol Biomol


https://doi.org/10.1021/acs.analchem.9b03386
http://xlink.rsc.org/?DOI=C9TB02609F
https://doi.org/10.1021/acs.analchem.5b04329
https://doi.org/10.1021/acs.analchem.5b04329
https://doi.org/10.1021/acsami.5b10607
https://doi.org/10.1021/acsami.5b10607
https://doi.org/10.1016/j.dyepig.2016.12.011
https://doi.org/10.1016/j.jlumin.2019.01.022
https://doi.org/10.1016/j.snb.2020.128441
https://doi.org/10.1016/j.jlumin.2020.117506
https://doi.org/10.1016/j.jlumin.2020.117506
https://linkinghub.elsevier.com/retrieve/pii/S0925400518320100
https://linkinghub.elsevier.com/retrieve/pii/S0925400518320100
https://doi.org/10.1016/j.jphotochem.2018.05.025
http://xlink.rsc.org/?DOI=C9CC08796F
https://doi.org/10.1016/j.talanta.2020.121291
https://doi.org/10.1016/j.bios.2015.06.039
https://doi.org/10.1016/j.bios.2015.06.039
https://doi.org/10.1007/s10895-021-02703-6
https://doi.org/10.1007/s10895-021-02703-6
http://xlink.rsc.org/?DOI=C8AN01908H
http://xlink.rsc.org/?DOI=C8AN01908H

220 A. Joshi et al.

Spectrosc [Internet] 137:509-515. Available from http://dx.doi.org/https://doi.org/10.1016/].
saa.2014.08.072

28. Zhang H, Xu L, Chen W, Huang J, Huang C, Sheng J, et al (2018) A lysosome-targetable
fluorescent probe for simultaneously sensing Cys/Hcy, GSH, and H2S from different signal
patterns. ACS Sensors [Internet] 3:2513-2517. Available from https://pubs.acs.org/doi/https://
doi.org/10.1021/acssensors.8b01101


https://doi.org/10.1016/j.saa.2014.08.072
https://doi.org/10.1016/j.saa.2014.08.072
https://doi.org/10.1021/acssensors.8b01101
https://doi.org/10.1021/acssensors.8b01101

Recent Advances in Fluorescent )
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Detection

Nikunjkumar Vagadiya, Mohil Odedara, Aayushi Joshi, Anu Manhas,
and Nandini Mukherjee

1 Introduction

The biomolecules, like DNA, proteins, phospholipids, carbohydrates, etc., found in
human beings are made up of different monomers or precursor molecules. Proteins
are made up of 21 amino acids via peptide linkage, and these amino acids play
multiple roles in the biological processes [1, 2]. To be synthesized in the human
body, all biomolecules require a live cell environment and metabolism process.
The biomolecule concentrations in living organisms varies, and in case of abnormal
concentration, they cause various disorders and diseases. However, amino acids are
one of the most significant biomolecules that play crucial roles in protein synthesis,
neurotransmitters and many more. The deficiency of amino acids causes a variety
of problems, such as nausea, sluggish development, dry mouth, lethargy, impaired
vision, hair depigmentation, oedema, liver damage and muscle and fat loss [3, 4].
Aromatic amino acids, such as tyrosine, phenylalanine, tryptophan and histidine
played a significant role in physiological and psychological processes. For instance,
histidine is required for tissue expansion and regeneration, tryptophan is required for
protein production [5—7] and tyrosine is essential for the production of neurotransmit-
ters, such as norepinephrine, epinephrine and dopamine. Also, the deficiency of tyro-
sine may lead to neurological problems such as mood swings, poor memory and lower
1Qs as reported in phenylketonuria patients and people with hypertryptophanemia. As
per the literature, tyrosine should be administered in the body only if phenylalanine
is deficient or if phenylalanine to tyrosine conversion is hindered [5, 8]. Likewise,
abnormal concentration of other amino acids is related to the generation of different

N. Vagadiya - M. Odedara - A. Joshi - A. Manhas (<) - N. Mukherjee (B)
Department of Chemistry, School of Technology, Pandit Deendayal Energy University,
Gandhinagar, Gujarat 382426, India

e-mail: Anu.Manhas@sot.pdpu.ac.in

N. Mukherjee
e-mail: Nandini.Mukherjee @sot.pdpu.ac.in

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022 221
K. Mukherjee et al. (eds.), Tailored Functional Materials, Springer Proceedings
in Materials 15, https://doi.org/10.1007/978-981-19-2572-6_17


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-2572-6_17&domain=pdf
mailto:Anu.Manhas@sot.pdpu.ac.in
mailto:Nandini.Mukherjee@sot.pdpu.ac.in
https://doi.org/10.1007/978-981-19-2572-6_17

222 N. Vagadiya et al.

diseases. Until now, high-performance liquid chromatography, gel permission chro-
matography, gas chromatography, high-performance liquid chromatography-mass
spectrometry (HPLC-MS), gas chromatography-mass spectrometry (GC-MS) and
NMR titration methods have been used to analyse amino acids quantitatively and/or
qualitatively. However, these techniques are time-consuming, expensive and often
require expert handling. Furthermore, one of the most significant limitations of
these techniques is their incapability to detect and measure biomolecules in living
cells and study their dynamic changes in a non-destructive manner. In contrast,
rationally designed synthetic molecules, like, dye-based molecular probes [9-11],
nanomaterials-based sensors [12, 13], fluorescent protein based molecules [14—16],
and hybrid systems [17] were known to be selective and sensitive in displaying
binding to a particular biomolecular species, which is visible in the fluorescence
spectra. Fluorescent chemosensors are highly specific, selective and sensitive in
nature with respect to the amino acids detection. Due to their ease of implementation
and short reaction time, it can be implemented for cell bioimaging, thus making it
a cost-effective approach. There are various organic fluorescent-based chemosen-
sors developed such as, disulphide-based imine-linked receptor [18], pyrenedione
[19], bis-camphor-derived probe [20], calixarene based probe [21], diarylacetylene-
containing 1,1’-bi-2-naphthol derivative [22], chiral carbazole with urea-carboxylic
acid moiety (CCS) [23] and 1,1’-binaphthyl-based imidazolium probe [24] for
aromatic amino acids sensing. Dye-encapsulated supramolecular approach has been
discussed to detect aromatic amino acid sensing via host guest interaction [25].
Many research groups have performed computational investigations via density
functional theory or time-dependent density functional theory (DFT/TD-DFT), to
unravel the sensing mechanisms, and optimum states of fluorescent probes and
transitional states of probe-amino acid moiety [26, 27]. This review provides a
summary of current developments in fluorescent chemosensors, their binding site,
sensing mechanism and various types of interactions for the sensitive, selective and
specific detection of aromatic amino acids. Finally, authors discuss the constraints and
various opportunities in the sensing area and offered solutions for further knowledge
enhancement.

2 Advanced Fluorescent Chemosensors for Aromatic
Amino Acids Detection

2.1 Tryptophan/Histidine and Cations Sensing via Chiral
Carbazole-Based Fluorescent Chemosensor

In 2020, Chi-Jung Chang et al. have synthesized a carbazole-based asymmetric
chemosensor (CCS) (S)-Methyl-2-(3-(9-ethyl-9H-carbazol-3-yl)ureido)-3-phenyl
propanoate probe (1) that bears a chiral “urea-carboxylic acid” coordination site for
the detection of cation (Fe*"), along with tryptophan/histidine in the aqueous envi-
ronment (Fig. 1). [23] CCS fluorescent probe (1) can sense Fe* in the nanomolar
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Fig. 1 Structure of probe 1, H
i.e. (S)-Methyl-2-(3-(9- H
ethyl-9H-carbazol-3-yl) N
ureido)-3-phenylpropanoate N

or CCS \«0 0 H

range with the limit of detection of 84 nM in 99% water. For the selective sensing
of Fe**, colour change was observed (colourless to yellow) with the CCS in the
solution of 99% water + 1% acetonitrile media. In a high-water content environ-
ment, probe 1 can detect tryptophan and histidine with low limit of detection, i.e.
0.31 uM and 7.64 wM, respectively. Probe 1 displays intramolecular charge transfer
(ICT) process on forming complex with metal ions (Scheme 1). The reversibility of
CCS/Fe** species was further confirmed by adding increasing quantities of sodium
EDTA to the CCS-Fe3* complex, which leads to turn-on fluorescence. The feasi-
bility and validation of the CCS/Fe** fluorophore probe was confirmed by sensing
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Scheme 1 Pictorial representation of the binding mechanism for Fe>* sensing by CCS and CCS-
Fe3* complex for L-Histidine and L-Tryptophan



224 N. Vagadiya et al.

of the tryptophan in commercial sleep improving capsules. Further, they confirmed
that other ingredients, like ziziphi spinosae semen, passion, melissa officinalis L,
lavender, rosemary, gelatin, titanium dioxide, glycine, theanine, maltitol, vitamin B,,
vitamin C, acesulfame potassium and silicon dioxide, did not interfere the sensing
mechanism of the tryptophan.

2.2 An Amide-Based Fluorophore Probe for the Detection
of AP*, Fe’* and Their Complex for D/L-Tryptophan
Sensing

Suman Mukhopadhyay et al. have developed an organic amide-based fluorophore
probe (2) for the sensing of AI>* and Fe** in HeLa and A549 cells (Fig. 2). In addition,
they were able to identify tryptophan instantly using the Pictate—Spengler reaction
[28]. Inthe biological system, tryptophan was detected in aqueous media by an amide-
based fluorophore probe with the 2.43 x 10~ M limit of detection. The enhancement
of fluorescence over the complexation represents the photo-induced electron transfer
(PET)-based mechanism. The pyridyl ring acts as an electron pair acceptor since its
resonance with the C = O and N-H groups and reduces the availability of electro-
density in the pyridyl ring. As a result, upon excitation, the electron-rich region the
N-atom of isoquinoline undergoes the PET process by donating a lone pair to the
pyridyl ring. Further, the capability of isoquinoline to donate electrons is reduced
when AI*? and Fe*3 ions or Trp is added. PET is inhibited because of the nitrogen
atom’s attraction to the pyridyl ring (Scheme 2), which was further confirmed by the
computational studies like DFT and TD-DFT. The calculated energy gap of HOMO-
LUMO orbitals in probe-metal complex decreases, which indicates the inhibition of
PET and enhancement of fluorescence. Also, electrostatic potential surface of the
fluorophore probe was generated that represents the most probable binding position
of metal ions and amino acids. Their interaction was further confirmed by the UV—Vis
spectra which shows intra-ligand mt-mt* and n-t* transitions. For the validation of the
results sensing of the bovine serum albumin (BSA) protein that contains tryptophan
amino acid was confirmed by the amide-based fluorophore.

Fig. 2 Structure of probe 2,
an amide-based chemosensor H
Binding site N
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forming ternary complex after addition of tryptophan

2.3 An Aniline Trimer-Based Multifunctional Sensor
for the Sensing of Fe’*, Cu?* and Ag* and Its Complex

Jor the Detection of L-Tryptophan

In 2020, aniline oligomer-based receptor probe (3) that bears chiral thiourea binding
site (CAS) was developed by the Chang research group for the sensing of Fe**, Cu®*
and Ag* and aniline oligomer-based complex for the detection of L-tryptophan by
fluorescent sensing mechanism [29] (Fig. 3). The limit of detection for the Fet, Cu?t
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Fig. 4 Structure of probe 4, ie. 3,3’-((1E,1’E)-((disulfanediylbis(2,1-phenylene))bis
(azanylylidene))bis(methanylylidene))bis(benzenel,2-diol)

and Ag" is reported to be 0.214, 0.099 and 0.147 WM, respectively. Detection of L-
tryptophan was carried out by CAS/Cu®*-based complex via turn-on fluorescence
in DMSO/water. In L-tryptophan sensing, fluorescence is turned on by the ternary
complexes, which causes the displacement of L-tryptophan from copper’s weakest
binding site. The chiral thiourea binding site is a multifunctional probe that responds
to a variety of stimuli (amino acids, cations and pH).

2.4 Identification of Tryptophan Amino Acid in Aqueous
Solutions by Disulphide-Based Imine-Linked Fluorescent
Receptor

In 2017, Narinder Singh and his group published a red-coloured disulphide-
based imine-linked fluorescent receptor, i.e. 3,3'-((1E,1’E)-((disulfanediylbis(2,1-
phenylene))bis (azanylylidene))bis(methanylylidene))bis(benzenel,2-diol) probe
(4), that forms intermolecular hydrogen bonding and electrostatic interactions with
the tryptophan (Fig. 4) [18]. The probe was observed to be highly selective for tryp-
tophan among all amino acids when investigated in aqueous solutions [10] with a
detection limit of 47.6 nM. The involvement of wt-7 stacking and multiple hydrogen
bonding in tryptophan receptor binding was discovered by theoretical calculations
also. The computed interaction energy (372.84 kcal mol~!) of the optimized struc-
tures shows the development of a stable complex between probe 4 and tryptophan.
The complex was observed to form a hydrogen bond between the amine hydrogen
of tryptophan and carboxylic hydrogen of the receptor and sulphur of the receptor.
Moreover, the aromatic ring of the tryptophan form -7 stacking with the phenolic
ring of the receptor. These interactions are responsible for providing the stability
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to host—guest complex. Also, due to a putative charge transfer mechanism between
probe 4 and tryptophan, and the band gap between HOMO and LUMO of probe 4
becomes narrower for the tryptophan complex.

2.5 Selective Recognition of Tryptophan in Aqueous
Solutions by Using 1,1’-Binaphthyl-Based Imidazolium
Chemosensors

Water-soluble 1,1’-Binaphthyl-based imidazolium-based fluorophore probes (5, a-e)
were reported for highly selective detection of tryptophan in the aqueous solution by
Jingsong and his co-worker in 2010 [24]. In addition, this group reported remarkable
chiral recognition for the two enantiomers of tryptophan (L. & D) via macrocyclic
derivative of 1,1’-Binaphthyl-based imidazolium fluorophore probe. Sensing of tryp-
tophan by 1,1’-Binaphthyl-based imidazolium chemosensors in aqueous media takes
place by the formation of multiple hydrogen bonds and electrostatic interactions
between the sensor and analyte. The addition of L-tryptophan resulted in a signif-
icant increase in fluorescence but L-tyrosine resulted in a fluorescent quenching
effect. Through computational studies, it was observed that a 1: 1 stoichiometry
for the multiple hydrogen-bonded complex between (R)-1 and L-tryptophan was
formed. In that complex, the carboxyl group of L-tryptophan interacts with the three
hydrogen bonds with the chiral ligand, which included two C,-hydrogen atoms of
two imidazolium rings and one aryl hydroxyl group. Additionally, the formation of
extra hydrogen bonds also takes place between L-tryptophan and the receptor which
favours its coordination over other amino acids. As a result, the receptor (R)-1 would
have weak enantioselectivity for recognizing the enantiomers of tryptophan, which
matched the actual findings (Fig. 5).

2.6 Aromatic Amino Acids and Dipeptides Sensing
by a Crown-Ether-Functionalized Perylene Bisimide
Fluorophore

In 2018, the Crown-Ether-functionalized Perylene Bisimide (PBI) fluorophore probe
(6) was reported for the sensing of aromatic amino acids and dipeptides by Frank et al.
(Fig. 6) [27]. They reported two-point interaction between the ammonium group and
ammonium ion recognizing site. In addition, they reported -7 stacking and charge
transfer between the electron-sufficient aromatic groups and an electron-deficient
PBI moiety. The size and electrical nature of aromatic units, as well as the distance
between the ammonium group and aromatic unit was considered as the important
considerations for the binding strength. Photo-induced electron transfer mechanism
was reported for L-tryptophan and L-tyrosine sensing by PBI fluorophore.
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Fig. 5 Structure of probes 5 (a-e), i.e. 1,1’-Binaphthyl-based imidazolium-based fluorophore
probes

2.7 Host-Guest Interaction-Mediated Sensing of Aromatic
Amino Acid by Supramolecular Complex
of Cucurbit[8]uril and Acridine Dye

In recent years, many approaches have been explored to enhance the selectivity
of fluorescent dye for aromatic amino acid. In 2020, Weitao Xu et al. developed
a complex which comprised of the supramolecule cucurbit[8]Juri[CB] with encap-
sulated fluorescent dye acridine hydrochloride[AC] in its cavity to achieve better
selectivity for the detection of aromatic amino acid [25]. Mechanistic pathway for
the sensing follows indicator displacement principle. Cucurbit[8]uril forms 1:2 host
guest complex [CB-AC] where acridine hydrochloride dye serves as a fluorescent
“ON-OFF” probe for the detection of aromatic amino acid. The m-7 interaction has
been observed between two guest molecules of AC. In CB-AC host, cucurbit[8]uril
shows different affinities towards guest dye molecule[AC] and analyte aromatic
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Fig. 7 Sensing of aromatic amino acid by Cucurbit[8]uril-acridine hydrochloride[CB-AC]
complex via fluorescence indicator displacement method

amino acid. Cucurbit[8]uril in the [CB-AC] complex shows higher binding affinity
towards aromatic amino in aqueous solution at pH 4 and thus the encapsulated AC
dye gets displaced from its cavity and fluorescence enhancement is observed in the
solution. Limit of detection for L-Phe and L-Trp were found to be 2.100 x 107 and
3.2 x 107 molL~!, respectively (Fig. 7).
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3 Conclusions

This review focuses on the various derivatized fluorophore probes which have their
application in the sensing of the aromatic amino acids. Most of the research groups
synthesized polyaromatic or heterocyclic compounds for the aromatic amino acid
detection However, after sensing, recyclability of the probe becomes a challenging
issue, and is reported in less studies. Most of the fluorophore chemosensors were
water-insoluble, thus, lead to difficulty in the sensing of aromatic amino acids in
aqueous media. Overall, among all the amino acids, aromatic amino acids, viz.
tyrosine, phenylalanine, tryptophan and histidine are less reported for sensing via
specific binding site holder-fluorophore probes. Researchers are trying to detect enan-
tiomers of aromatic amino acids by using chiral fluorophore probes. However, within
the aromatic amino acids, tryptophan sensing was highly reported by chiral/achiral
fluorophore probes.

On observing the synthesis protocol followed by the above-mentioned litera-
ture, it was observed that the fluorophore probes were synthesized by using many
harsh and costly organic precursor molecules/reagents. An alternate approach could
be explored by employing green synthesis or extracting the precursor molecules
from plants or living species using green chemistry methods for conducting the
sensing of the aromatic amino acids. Moreover, it can be stated that fluorescence tech-
nique is more appropriate and specific in comparison with the colorimetric detection
technique.
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1 Introduction

Machining/cutting is a process of material removal from a workpiece in order to create
a product with certain design. The machining/cutting quality is usually measured in
terms of end product as well as tool life. The materials used to make cutting tools
include cemented tungsten carbide (WC), high-speed steels, diamond, boron nitride,
etc. Although each material has its own mechanical and tribological characteristics,
cemented WC is the most widely employed one in the industry, particularly for steel
cutting applications due to the fact that cemented WC is inexpensive and has a high
hardness along with high boiling point [1]. Despite of such superior characteristics,
WC-based tools undergo continuous failure due to poor shock and thermal resis-
tance characteristics. As a result numerous hard coatings has been developed for
WC-based cutting tools, with single to multilayer structures. Many of these hard
coatings have been demonstrated to increase the batch size of work pieces that can
be machined per tool by up to 10 times by slowing down the wear phenomenon
of the cutting tools [2]. The most often utilised coating deposition processes are
physical vapour deposition (PVD) and chemical vapour deposition (CVD) [3]. PVD
and CVD coated tools were investigated by various researchers for coating and tool
mechanical properties, brittleness, coating-tool adhesion, cutting edge preparation
and their influence on cutting performance. Techniques like gas flame spray, arc
discharge plasma and vacuum deposition were also employed to develop ceramic
coatings on the steel substrates [4]. Plasma electrolytic oxidation (PEO)-based coat-
ings were proven to be resistant in the corrosive and abrasive environments [5].
However, addition of tool coating always adds up to increased costs of the tools.
In contrast, recent advances in smart surface engineering and coating technologies

U. Dixit - R. K. Guduru ()

Department of Mechanical Engineering, School of Technology, PD Energy University,
Gandhinagar, Gujarat, India

e-mail: Ramesh.Guduru@sot.pdpu.ac.in

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022 233
K. Mukherjee et al. (eds.), Tailored Functional Materials, Springer Proceedings
in Materials 15, https://doi.org/10.1007/978-981-19-2572-6_18


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-2572-6_18&domain=pdf
mailto:Ramesh.Guduru@sot.pdpu.ac.in
https://doi.org/10.1007/978-981-19-2572-6_18

234 U. Dixit and R. K. Guduru

have opened up new avenues for minimising the friction and wear in the tools used
for cutting, rolling, sliding and rotating. Such coatings, in particular, can also fulfil
the increasingly multi-functional characteristics required for various tool applica-
tions [6]. Various studies have been conducted to develop nano-composite-based
super-hard coatings for enhanced tool life [7]. In recent years, the surface manufac-
turing technologies like laser texturing, laser-glazing and shot-peening also showed
promising potentials with enhanced machining performance and increased tool life.
Surface texturing of tools has attracted a lot of attention through surface modification
while reducing the friction and improving the lubrication. In recent years, the surface
manufacturing technologies like laser texturing, laser-glazing and shot-peening have
shown promising potentials with enhanced machining performance and increased
tool life.

Surface texturing of tools has attracted a lot of attention through surface modi-
fication while reducing the friction and improving the lubrication. Combining the
surface texturing with coatings is also one possible technique for improving tribo-
logical performance under severe conditions. Combining of tool texture with solid
lubricant coatings can be adopted in two ways. First, the coatings themselves can be
textured, where the smaller contact area of the textured coatings may result in less
wear through removal of wear debris and extend the service life of the tools. This
method is commonly used to create hard and wear resistant coatings. Secondly, the
coatings can also be applied on prior textured substrates/tools while enabling the
surface textures to store and re-supply the solid lubricant material to the contact or
extend the life of the textured features of the tool surface [6].

Recently, Liu et al. [7] provided a review on warm shot-peening, warm laser
shock peening, ultrasonic surface rolling processing, ultrasonic nanocrystal surface
modification and some examples of thermally aided surface hardening procedures.
Following the concept of minimum quantity lubrication (MQL) conditions, Pradhan
et al. [8] have introduced micro and nano-textures on the rake face of the cutting tool
inserts with or without solid lubricant; these tools are also known as self-lubricating
tools. Rajsekara et al. [9] have reviewed nano-structured coatings as well as textured
surfaces with feature size 10 nm or less. Machado et al. [10] highlighted the effect of
texturing on machining, considering the parameters like formation of chips, cutting
forces, cutting temperature, lubrication, surface integrity and tool life, where coating
thickness and substrate roughness were showed to play an important role in enhancing
the tribological properties of the tools. Along with development of various tool
coatings, researchers have also worked on composite ceramic inserts doped with
materials like MgO and CuO, etc., in order to provide self-lubricating properties
for tool applications [11, 12], and these were reported to show better performance
during the machining of high temperature alloys when compared with conventional
tool inserts [13].

In 2021, Singh et al. [11] developed zirconia toughened alumina (ZTA)-based
ceramic insert of square shape and infused with CuO as solid lubricant, and tested for
turning operation on a conventional lathe machine. These studies showed an improve-
ment of 20% in flank wear when compared with ZTA cutting inserts without CuO.



Textured and Solid Lubricant-Based Tool Coatings: A Brief Review 235

In another study, MgO-doped ZTA inserts showed a better performance in medium
to high-speed machining of steels [12] with improvement in surface roughness.

Recently, Agarwal et al. [14] employed TiAIN coatings with boric acid as a solid
lubricant and compared with wet machining (conventional cutting fluid to water
in the ratio of 1:15) where the solid lubricant showed a better performance with a
reduction in flank wear of almost 60%. At the same time, the surface roughness of
the work piece was observed to go down up to 39%. These studies presented an
improved performance of the tools with better chip formation and material removal
rate (MRR) while cutting down the net specific energy required for machining.

Dry machining is also very much desirable to avoid the extra costs and environ-
mental problems associated to cutting fluids. Hardened steel high-speed machining
can yield a machined surface of high enough quality to avoid the requirement for
finishing operations like as grinding and polishing. [15]. Thus to provide smooth
machining, friction is the parameter to be eliminated. In order to overcome harmful
outcomes of liquid cutting fluids, use of solid lubricants are proven to be a sustainable
step. Solid lubricants are fine powders that can be divided into chemically and physi-
cally active substances based on their structure. Solid lubricant coatings are primarily
used to control the friction and wear in rough application conditions (such as high
vacuum, aerospace, high-speeds, high loads and very low or high temperatures),
where the conventional materials and lubricants are unable to deliver the desired
levels of performance or durability [16]. Table 1 lists some of the most prevalent and
commonly used solid lubricants.

2 Layered, Textured and Solid Lubricated Coatings

2.1 Single Layer Coatings

In 1969, a thin coating of TiN was deposited via CVD on the surface of a cemented
WC cutting tool to extend the life time, and later it was patented and commercialised
[20]. Since the early 1970s, many successful thin coatings of TiC, TIN, Al,O3 and
their combinations with thickness in the range of 5 microns were deposited on the
cutting tools to improve wear life and/or cutting speed capabilities. CVD was used
to create above coatings on the cemented WC for most of the part. Similarly, PVD
coatings of TiN were also developed on HSS tools, and a review was provided in
the reference [21]. Prengel et al. [22] have deposited monolayer TiN, TiAIN and
TiB, on WC-6 tool using PVD. The PVD coatings provided performance benefits
in applications that required peck cutting as well as finishing. In the early 1990’s,
graphite and MoS, were also used as solid lubricants because of their layered struc-
ture with weak interlayer bonding. These materials exhibited better lubrication prop-
erties when compared to the other types of solid lubricants. In another example,
Fullerene (Cgp) [23] was also used as a solid lubricant due to its various character-
istics such as low surface energy, high chemical stability, spherical shape and weak
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intermolecular bonding, along with high load bearing capacity. These Cg( fullerene
films were deposited on a polished Silicon wafer at a high vacuum by sublimation.
In late 1990’s, the ultra-tough coatings, such as, diamond-like-coatings (DLC) was
introduced. Salvadori et al. [24] have deposited DLC on Si surface along with hybrid-
surface pre-treatment to increase the diamond film nucleation, as well as adhesion
to the WC—Co tool inserts.

2.2  Multilayer/Multicomponent Coatings

To further obtain increased hardness and enhanced tool life in comparison with the
single layer coatings, multi-layered coatings were developed on the tools. These
multilayer coatings can be broken down into three functional layers in general. The
bottom layer establishes coating/substrate adhesion; the middle layer transitions from
the bottom to the top layer, forming a link between the layers and the hard top layer
[25]. Figure 1 presents various types of textured coatings adapted so far in the tool
coatings [26].

2.2.1 Multilayer Coatings

Coatings for cutting tools in the latest generation with multi-layered architecture
ensure a dual nature of the coating, in that, coatings should improve not only the
mechanical and physical characteristics of the cutting tool material, but also reduce
the thermo-mechanical effect on the cutting tool, which determines wear inten-
sity [27]. For example, Prengel et al. [22] worked on different variants of TiAIN-
multilayer coatings deposited on WC-6 wt.% Co hard metal inserts, which showed
performance advantages over the monolayer TiAIN coatings. TiN/TiCN/TiAIN-
multilayer coating was particularly determined to provide enhanced performance
at high speeds. Figure 2 shows the toughness enhancement mechanism in a multi-
layer coating. Palatnik [28] with multilayers of metal coatings showed a signif-
icant improvement in the strength when compared to the coating/layer thickness
below 500 nm. Holleck et al. [29] introduced toughening approaches based on
multilayer architectures in their publications. The relevance of dispersing fracture
energy and deflecting cracks at interfaces in multilayer structures comprised of hard
ceramic materials, such as TiC/TiB, or TiN/(Ti(C,N) materials was highlighted in
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their research. Wang and Du [30] have worked on developing composite coatings
of MT-Ti(C,N) + Al,O3 using CVD and showed better wear resistance during dry
milling. Lin and co-authors [31, 32] studied the improvement in tool life of cemented
carbide inserts with a PVD-applied aluminium chromium nitride (AICrN) coating
(named Alcrona). They have conducted a thorough investigation on the effect of
microstructures on wear progressions, such as, abrasive wear processes of AICrN-
coated cemented carbide tool inserts during dry and wet machining at very high
cutting speeds. Figure 3 graphically shows the tool life under high-speed machining
for dry and wet machining. Surface texturing at different face of the tool, such as
flank face or rake face affects the tool wear, friction coefficient and cutting forces
[33]. In an investigation performed by Zhao et al. [34] during down end milling of
Ti6Al4V alloy, the efficiency of surface textured on the rake face, parallel to the
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main cutting edge of uncoated (K10) cemented carbide tools of 10 mm diameter was
studied. The textures were created with an Nd: YAG laser with a width of 100 pm,
a spacing of 100 pm and a depth of 50 wm. The machining tests were carried out
using both established conventional and nanofluids containing Fe;O4 nanoparticles
with a diameter of 80 pwm, which were applied under MQL conditions.

2.2.2 Gradients, Nano-structured and Superlattices Coatings

Superlattices, nanoscale multi-layered coatings have been developed to improve the
hardness and strength of tools. With different layer composition and architectural
design superlattice, coatings showed effective tool life enhancement when compared
to monolayer coatings [35]. The downside of superlattices is that the influence of
the nanolevels in the superlattices can be lost if the resultant layers do not follow the
correct order [1]. Diamond and its coatings are the hardest known materials continue
to draw a lot of attention for demanding applications involving high tribological
conditions. Similarly, DLC coatings have sparked attention for a variety of indus-
trial applications requiring high efficiency, performance and dependability. Erdemir
et al. [19] offered a comprehensive overview of recent advances in the tribology of
super-hard diamond and DLC films, with a focus on their friction and wear mech-
anisms, which are important to their exceptional tribological performance under
challenging tribological conditions. DLC films may have mechanical and tribolog-
ical properties that are comparable to crystalline diamond films, despite their amor-
phous nature. Mechanically, they can be made quite hard and stiff. In an investiga-
tion by Yang et al. [35] polycrystalline TiN/CrN superlattices with bilayer periods
of 5.6-39 nm were deposited on a Ni-base alloy substrate by reactive unbalanced
magnetron sputtering. The superlattices were annealed at various elevated temper-
atures for a certain period of time, in order to study the thermal stability of the
coatings. In 2017, Zhang et al. [36] investigated the effect of WS, solid lubricant
film on a femtosecond laser-textured rake face of PVD coated TiAIN on cemented
carbide tools. First, a nanotextured coating was induced on the WC/Co substrate
tool with various processing parameters using femtosecond laser scanning, the as-
developed nanotextured substrate surface was then deposited with TiAIN film using
the cathode arc-evaporation technique without using any interlayer. The nanotex-
tured TiAlN-coated surface’s surface micro-topography and mechanical properties
were investigated. Selective laser melting (SLM) technique was applied to produce
stainless steel, on which machining tests without cutting fluid were done using the
proposed tool, as well as a cutting tool without laser pre-treatment for comparison.
The results obtained shows that the femtosecond laser-induced periodic structure
on the WC/Co substrate considerably improved the TiAIN coatings adhesiveness,
and the critical load bearing capacity of the TiAIN coatings was increased from 57
to 73 N. Performance of nanotextured tools in drying cutting SLM 316 L stainless
steel was accomplished, resulting in a 10-20% reduction in cutting forces, a 10—
15% reduction in cutting temperature and a high-surface quality of the machined
workpieces at high-cutting speeds [36].
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In a similar study, Siddique et al. [37] used MoS; as a solid lubricant on laser-
assisted textured tools for machining of Al6061-T6 alloys and reported a reduced
flank wear of 24-35%; whereas; a reduction of 21-40% in the cutting temperatures
during the machining process.

2.2.3 Composite Coatings

Malshe et al. [38] at the University of Arkansas have worked on developing a
composite coating of cBN-TiN on WC—Co tool using two-step process of deposition,
i.e. electrostatic spray coatings (ESC) of cBN particles followed by developing of
TiN coating by chemical vapour infiltration (CVI). A scanning electron microscopy
(SEM) image of the same is shown in Fig. 4. The reliability of the coatings has been
examined using Taguchi. The plots between various parameters were obtained using
MINITAB software. Their results showed excellent cBN-to-TiN substrate adhesion.
This composite coating was later patented by Malshe et al. [39] stating that one
phase material can be withhold another phase particle resulting in textured composite
coatings.

Malshe and his group [40] have worked on MoS, and ZnO as solid lubricant
to deposit it on a sample flat geometry with sub-microns and nano-sized particles.
According to their studies, particle size has a significant impact on coating unifor-
mity and powder transfer efficiency. Since nano-sized particles are prone to cluster
formation, nano-sized ZnO deposition showed cluster deposition; whereas, micro-
sized MoS,; and ZnO showed discrete type of deposition. The investigation concluded
that nano-sized particulate coating provides less friction when compared to micro-
sized coating. In another study, Wang et al. [41] used nano-sized CaF, as a solid
lubricant on tungsten-titanium carbide (WTC) composite cutting tools for machining
of hardened carbon steels, which showed an imperative reduction in cutting force,

Fig.4 SEM of ESC
deposited cBN particulates
on WC—Co tool. Reproduced
by permission [38],
Copyright Elsevier, 2003
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temperature and surface roughness of the work piece while the fracture toughness of
the WTC composite tools were observed to increase by 13% with CaF,.

3 Conclusions

During this review, various coatings and their effect on tool life have been considered.
Following to the textured coatings, the article also review the advantage of using
solid lubricants in enhancing tool life and eliminating the conventional coolants.
Solid lubricants are considered for the proper and efficient operation of a variety of
tribological systems. Solid lubricants include large structural materials, soft metals,
diamond and DLC films. Their use is projected to increase in the coming years, owing
to the fact that future tribosystem working conditions are getting more demanding,
and liquid and grease-type lubricants are inappropriate due to the environmental
issues. The majority of solid lubricants used in modern applications are manufactured
as thin solid coatings on sliding surfaces. For the deposition of adherent solid lubricant
films on a variety of substrates, including metallic, ceramic and polymeric types,
various PVD and CVD processes are adopted. These methods help in producing solid
lubricant films in gradient, duplex, multiplex, nano-structured and composite forms
leading to improved performance and durability in the hostile environments. The tool
coating and tool surface texturing presented significant improvement to increase the
tool life and enhance machining process outputs during dry cutting. Dry cutting is
better than wet cutting for TiAIN coating inserts under high cutting speed (around
200—400 m/min) [11]. TiAIN alternating multilayer-coated tools outperform TiAIN
monolayer or TiN/TiCN/TiAIN-multilayer-coated inserts in dry milling of ductile
cast irons and wet turning of Inconel 718 [25].
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