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Abstract

In recent times, any device should be designed with taken care of power consumption as
well as speed. Photon has super-fast speed so it is very preferable to the researcher rather
than the electron. So the researchers focus on the development of low-power-consuming
devices. The reflective semiconductor optical amplifier (RSOA) is a suitable candidate for
that purpose. It has a versatile gain medium and also it has huge application in passive
optical networks. In this article, we have proposed a design of read-only memory using
RSOA. To verify the practical feasibility, we have used MATLAB software to simulate the
design. For all the memory outputs, the quality factor (Q), extinction ratio, contrast ratio,

and also bit error rate have been calculated.
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Abstract

In recent trends, digital systems in the light of power dissipation are a crucial issue. In
computing, the computational process of reversible logic is bijective and can decrease the
rising issue of power dissipation. In reversible circuit design, Peres gate considered as one of
the fundamental reversible gate. Therefore, a Peres gate using Add/Drop Multiplexer (ADM)
and Reflective Semiconductor Optical Amplifier (RSOA) is proposed in this paper. Frequency
encoding scheme and dibit-based logic are incorporated here. In long range transmission,
frequency encoding bears huge benefits in respect with the other encoding techniques. This
encoding technique may decrease the probability of bit error. Due to the high gain and low
noise property of RSOA, the proposed design can perform operations like computation, data
processing, etc. at ultra-high speed with low noise. MATLAB Simulink (R2018a) software has

been used to verify the operation of the proposed design.

Keywords: Frequency encoding - dibit-based logic = Peres gate

reflective semiconductor optical amplifier (RSOA) = add/drop multiplexer (ADM)
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Abstract

In recent years, reversible gates have a great impact on optical nanotechnology, quantum
and DNA computing. In the optical field, reversible gates like the Fredkin gate, Feynman
gate, Toffoli gate, and Peres gate are very demanding due to their low power consumption.
In this article, a novel design of Feynman gate using Add/Drop Multiplexer and Reflective
Semiconductor Optical Amplifier (RSOA) is proposed. Frequency encoding scheme and
dibit-based logic are incorporated in the proposed design. The Frequency encoding
technique decreases the probability of bit error in long-range transmission. Due to the
high gain and low noise property of RSOA, the proposed design can perform operations
like computation and data processing at ultra-high speed with low noise. To verify the
operation of the proposed design, we have used MATLAB Simulink (R2018a) software.
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Abstract

In the all-optical domain, the reflective semiconductor optical amplifier (RSOA) creates
due attention in the research community because the RSOA has high gain, low power
consumption, high-speed signal processing ability. In this work, we have proposed
Binary-to-Gray code converter using RSOA, and Add/drop multiplexer. We have also
implemented dibit-based logic and frequency encoding technique in this design to get the
reduced bit-error problems and high degree of parallelism. We utilized the MATLAB

Simulink software to confirm that the aforementioned design worked as desired.
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Abstract

In the all-optical domain, the reflective semiconductor optical amplifier (RSOA) creates due
attention in the research community because the RSOA has high gain, low-power consumption,
high-speed signal processing ability as well as low noise performance. In this work, we have
proposed dibit-based OR and NOR gates using RSOA. Dibit-based logic is utilized in this
design to get the reduced bit-error problems and high degree of parallelism. To verify the
functionality of the aforementioned designs, we have used MATLAB software and also the
quality factor (Q), extinction ratio (ER), contrast ratio (CR), and bit-error-rate (BER) have been

calculated.
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ABSTRACT -

We study the phenomenon of localization and delocalization in a circuit-QED network with
connectivity varying from finite-range coupling to all-to-all coupling. We find a fascinating interplay
between interactions and connectivity. In particular, we consider (i) harmonic, (ii) Jaynes-
Cummings, and (iii) Bose-Hubbard networks. We start with the initial condition where one of the
nodes in the network is populated and then let it evolve in time. The time dynamics and steady
state characterize the features of localization (self-trapping) in these large-scale networks. For the
case of harmonic networks, exact analytical results are obtained, and we demonstrate that all-to-
all connection shows self-trapping whereas the finite-ranged connectivity shows delocalization.
The interacting cases (Jaynes-Cummings and Bose-Hubbard networks) are investigated both via
exact quantum dynamics and via a semiclassical approach. We obtain an interesting phase
diagram when one varies the range of connectivity and the strength of the interaction. We
investigate the consequence of imperfections in the cavity or qubit and the role of inevitable
disorder. Our results are relevant especially given recent experimental progress in engineering
systems with long-range connectivity.
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Abstract

Purpose: The study was to clarify the influence of six-week various gymnastic exercises on selected
motor fitness components of school going students. M aterials and Methods: Thirty boys students (age
= 14 to 16 years) were randomly assigned to the experimental group (n=30) and control group (n=30).
All student was selected from The Jain International School, Bilaspur, Chhattisgarh. Various gymnastic
exercises were included in the experimental group training session 6 times (each session 60 minutes) per
week over 6 weeks as part of their usual weekly training regime. Both groups of gymnasts were tested
selected motor fitness components before and after training. Motor fithess components performance
were tested and measured through standard procedure with the help of expert and under the direct
supervision of the experimenter. For the analysis of data statistical mean, standard deviation and ‘T’-test
was used. The level of significance was set at 0.05 (p < 0.05). Conclusion: In conclusion, there was a
significant effect of various gymnastic exercises on selected motor fitness components of experimental

group.
Keyword: Gymnastic exercise, motor fitness, muscular strength, agility, cardio-vascular endurance.

1. Introduction

Modern gymnastics welcomes creative quest and self-expression. It reveals that the human body
possesses practically limitless opportunities and is aso a means of moral education and importantly,
gymnastics has a great appea for the young. Gymnastics is an activity involving performance of
exercises requiring strength, flexibility, agility, coordination, balance and grace. Internationally, al of
the gymnastics sports. Gymnastics is divided into several different and distinct forms and these are al
gaining in popularity. The types of gymnastics are A. Modern Artistic gymnastics. Modern Rhythmic
gymnastics. Trampoline and Tumbling. Floor Gymnastic exercise [4]. There has been a clear tendency
toward younger gymnasts executing increasingly challenging exercises in artistic gymnastics, one of the
most well-liked and quickly expanding sports for young females [5]. Muscular strength in boys increases
fairly linearly with chronological age, from early childhood until approximately 13 or 14 years of age
(mid-puberty). In girls, strength improves linearly up until about 15 years of age, but there is no clear
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evidence of an adolescent spurt [9]. compared the isokinetic muscle performance of the scapular muscles
in elite adolescent gymnasts and non-athletic adolescents to find out if there were any differences in
strength, endurance, and muscle balance based on high-level sport participation. It was discovered that
elite gymnasts showed higher values for the protraction peak force/body mass [3]. The effects of a 6-
week combined electro myo stimulation (EMS) and gymnastics training program on muscle strength and
vertical jump performance in 16 prepubescent gymnasts and found that improvement was found after
three weeks of EMS training in the maximal voluntary torque (MVT) [7]. Isokinetic training of knee
extensors and flexor muscles increases functional correlation between speed and strength leading to
improved performance of acrobatic elements in floor exercises[13].Effect of plyometric training when
added to habitual gymnastic training on handspring vault performance variables on twenty youth female
competitive gymnasts and found significant improvements for run-up velocity, take-off velocity, hurdle
to board distance, board contact time, table contact time and post-flight time. However, there were no
significant improvements on pre-flight time, shoulder angle or hip angle on the vault for the plyometric
training group [11].The 10-week isokinetic training that was added to the traditional training improved
the knee strength, which consequently improved aspects of the vault, but did not affect other technical
aspects of the handspring performance[6].The findings of this study show that older persons who were
living independently experienced significant gains in gait performance, muscle power, and ETGUG
following atypical training regimen. However, after performing foot gymnastics exercises, there is no
further impact on physical performance. [10].Water gymnastics helps improve the aerobic exercise
capacity, to superior indices compared to the activity on the ground, being directly influenced by
materials used through the size of water surface contact and complexity of movements[1].High-intensity
circuit training using sport-specific exercises, increased HR to levels above 80% and 90% HRmax for
extended time periods, and thus may be considered as an appropriate stimulus, in terms of intensity, for
improving aerobic fitnessin child female gymnasts [12].

1.1 Objective of the study
To find-out effect of various gymnastic exercise on motor fitness components of secondary school
students.

1.2 Hypothesis
HO-There would be no significance change of various gymnastic Exercises on Selected motor fitness
components of school students.

2. Methodology
Selection of the subject, Sampling technique, Selection of the variable, Design of the study, Training
Schedule, Collection of data.

2.1 Population and Sampling technique

For this study the subjects was selected from The Jain International School, Bilaspur, Chhattisgarh,
India. Total of sixty (60) subjects was randomly selected out of which thirty (30) were experimental
group and other thirty (30) were control group. The age of the subjects was ranged between 14-16 years.

IJFMR23033420 Volume 5, Issue 3, May-June 2023 2
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2.2 Selection of variables & Criterion measuring tools

For the present study the researcher used to measure the following motor fitness variables through the
AAHPER test.

A) Muscular Strength: To measure the muscular strength (Arm and Shoulder) Pull-ups (for boys) used
from AAHPER test and it was measured in number.

B) Agility: To measure the agility Shuttle run used from AAHPER test and it was measured in second.
C) Cardio-vascular Endurance: To measure the cardio-vascular endurance six hundred yard run-walk
from AAHPER test and it was measure in minute and second.

2.3 Administration of the test:

After the selection of this subject from The Jain International School, Bilaspur, Chhattisgarh, the
researcher administered motor fitness tests to measure the motor fitness components before and after the
gymnastic exercise training program of six weeks. The motor fitness components were tested and
measure through AAHPER & Bass Stick Test with the help of expert and under the direct supervision of
the experimenter. Research scholar administrated the following tests given below.

i) Pull-ups (for boys)

Purpose: To measure the arm and shoulder strength.

Equipment: A wooden or metal bar approximately 1.5’ in diameter a piece of pipe or the runs of a
ladder may also be used and stopwatch (only for girls).

Procedure: The height of the bar should be such that when the subject hangs from it with fully extended
arms, his feet do not touch the ground. The subject is asked to use an overhand grasp with the palms
facing away from the body. From the hanging position, the pupil raises the body by the arms until the
chin can be placed over the bar and then lowers the body to a full extension hang and repesats the pull
ups as many times as possible. Only onetrial is given unlessit is obvious that the pupil has not had afair
chance. Neither swinging, nor kicking the legs nor knee-raising is allowed.

Scoring: - The maximum number of completed pull ups is the score which may be evaluated with the
help of local norms (if available) or by comparison with other subjects tested.

ii) Shuttle Run:

Purpose: To measure the speed and agility.

Equipment: Two blocks of wood (27x27x4”), a stopwatch and marking power. The subject should wear
spikes or run bare foot.

Procedure: Two paralel lines are marked on the floor 10 yards apart or the width of the regular
volleyball court may be used for the test. The two wooden blocks are placed behind one of the lines. The
subject is asked to start from behind the other line. On the signal ready? Go, the time starts the watch
and the subject runs towards the blocks, picks-up one block, runs back to the starting line, places the
block behind the starting line, runs back and picks-up the second block to be carried back across the
starting line. As soon as the second block is placed on the ground the timer stops the watch and records
the time.

Scoring: Two trials are alowed to each subject with some rest in between. The time of the better of the
two trialsis recorded to the nearest 10" of a second as the score of the test item.

iii) Six hundred Run-Walk:

Purpose: To measure the cardio-vascular endurance.

Equipment: Track or marked area and stopwatch.

IJFMR23033420 Volume 5, Issue 3, May-June 2023 3
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Procedure: The subject is asked to take a standing start. At the signal Ready? Go!, the subject starts
running the 600 yard distance. The test is usually performed on 10-12 subjects together by pairing off
before the start of the event. Walking is permitted but the performer is to cover the distance in the
shortest period of time.

Scoring: - The time taken to run 600 yards recorded in minutes and seconds is the score of this test item.

2.4 Design of the study

For the present study sixty (60) male subjects were selected randomly from The Jain International
School, Bilaspur, Chhattisgarh, IndiaTheir age ranged from 14-16 years. The subject divided into two
equal groups of 30 (thirty) subjectsin each. One is treated as experimental (practice gymnastic exercise)
group, the second one is control (without practice) group. The experimental group will practice
gymnastics exercise, for six (6) days a week for 1hours (60) minutes each day, for the period of six
weeks under direct supervision of the experimenter. The control group did not practice any specia

training during the period of six weeks.

2.5 Training Schedule

Table-1: Six weeks Training Schedule

Sr. No. Gymnastic- Week (1-2) Week (3-4) Week (5-6)
Exercises

1 Forward roll, jump with half | 4 repetitions | 6 repetitions | 8 repetitions
turn (180 degree) 2 set 3 set 4 set

2 Backward roll and jump 4 repetitions | 6 repetitions | 8 repetitions
with half turn (180 degree) | 2 set 3 set 4 set

3 Handstand 4 repetitions | 6 repetitions | 8 repetitions
2 set 3 set 4 set

4 Cartwhesl 4 repetitions | 6 repetitions | 8 repetitions
2 set 3 st 4 set

5 Leg Split 5repetitions | 7 repetitions | 9 repetitions
2 set 3 set 4 set

6 L eaps and jumps 4 repetitions | 6 repetitions | 8 repetitions
2 set 3 set 4 set

7 [llusion turn 4 repetitions | 6 repetitions | 8 repetitions
2 set 3 st 4 set

Note: Relaxation 10-15 seconds after each exercise

2.6 Collection of the Data:

To find out the Effects of gymnastic exercises on selected motor fithess components of school students,
the data were collected through the administration of “AAHPER test” before and after the gymnastic
exercises program of six weeks. To see any significant deferent ‘T’ test was used for farther statistical
anaysis.

IJFMR23033420 Volume 5, Issue 3, May-June 2023 4
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3. Results

All the data pertaining to the present study were examined by employing ‘t’ test to find out whether any
significance difference between the means of motor fitness component of school students. The following
notations were used for al the subsequent tables for elaborations.

E.G.- Experimental group, C.G.- Control group, N- Number of subjects in group, M- Mean score of the
group, S.D.- Standard deviation of ‘t’ — ‘t’ value, ‘P’- P value.

Table-2: Mean, Standard Deviation, Men difference, and ‘t’ ratio of the pre and post test of
experimental and control groupson muscular strength (Pull-upsin numbers)

Sl.no. | Group | Test N M SD MD ‘t> value | P-value
1 E.G Pre test 30 533 |0.95 0.06 0.13 448508
2 CG Pre test 30 527 | 157

1 E.G Post test 30 7.6 1.35 2.2 4.33 .00003

2 CG Post test 30 54 1.43

Level of Significancewas at .05 (2,58) =2.00

Table- 2 reveds that the pre test mean of experimental and control groups muscular strength are 5.33
and 5.27 and their calculated ‘t” value is 0.13 which is lesser than of tabulated value 2.00 at 0.05(58)
level of confidence. There is no significance difference found between the experimental and control
groups of pre test on muscular strength. Whereas the mean of post test experimental and control groups
are 7.6 and 5.4 and their calculated ‘t’ value is 4.33 which is greater than that of the tabulated value 2.00
a 0.05 level of confidence. It was indicated that there is significance difference between the
experimental and control groups of post test on muscular strength. It can be said that six weeks
gymnastic exercises training effect on muscular strength of muscular group. Hence, the null hypothesis
is rejected.

Figure-1: Graphical presentation of mean difference between the experimental and control groups
on muscular strength
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Table-3: Mean, Standard Deviation, Men difference, and ‘t’ ratio of the preand post test of
experimental and control groupson agility (shuttlerun in seconds)

Sl.no. | Group Test N M SD MD ‘t> value P- value
1 E.G Pre test 30 | 716 | 0.68 | 0.04 0.14 444573
2 C.G Pretest 30 | 720 | 0.84
1 E.G Post test 30 | 613 | 005 | 103 4.62 .000011
2 C.G Post test 30 | 716 | 0.78

Level of Significance was at .05 (2,58) =2.00

Table-3 show that the pre test mean of experimental and control groups on muscular power are 7.16 and
7.20 and their calculated ‘t” value is 0.14 which is lesser than that of tabulated value 2.00 at 0.05(58)
level of confidence. There is no significance difference found between the experimental and control
groups of pre test on agility. Whereas the mean of post test experimental and control groups are 6.13 and
7.16 and their calculated ‘t” value is 4.62 which is greater than that of tabulated value 2.00 at 0.05(58)
level of confidence. It was indicated that there is significance difference between the experimental and
control groups of post test on agility. It can be said that six weeks gymnastic exercises training effect on
agility of experimental groups. Hence, the null hypothesisis rejected.

Figure-2: Graphical presentation of mean differ ence between the experimental and control groups
on agility
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Table-4: Mean, Standard Deviation, Men difference, and ‘t’ ratio of the pre and post test of
experimental and control groupson cardio vascular endurance (six hundred run-walk in minutes
& seconds)

Sl.no. | Group Test N M SD MD | ‘t’ value | P-value

E.G Pre test 30 140.47 6.57 18 0.82 207787
CG Pre test 30 138.67 524

E.G Post test 30 119.73 9.22 14.67 3.15 .001291
CG Post test 30 134.40 7.94

N B N

Level of Significancewas at .05 (2,58) =2.00

Table-4 show that the pre-test mean of experimental and control groups on cardio-vascular endurance
are 140.47 and 138.67 and their calculated ‘t” value is 0.82 which is lesser than that of tabulated value
2.00 at 0.05(58) level of confidence. There is no significance difference found between the experimental
and control groups of pre test on cardio-vascular endurance. Whereas the mean of post test experimental
and control groups are 119.73 and 134.4 and their calculated ‘t” value is 3.15 which is greater than that
of tabulated value 2.00 at 0.05(58) level of confidence. It was indicated that there is significance
difference between the experimental and control groups of post test on cardio-vascular endurance. It can
be said that six weeks gymnastic exercises training effect on cardio-vascular endurance of experimental
groups. Hence, the null hypothesisis rejected.

Fig-3: Graphical presentation of mean between the experimental and control groups on cardio-
vascular endurance
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4. Discussion of the Findings

On the basis of the results and findings it was concluded that there are significance differences in motor
fitness variable between the experimental and control groups. It was found that experimental group is
highly muscular strength, agility and cardio-vascular endurance then that of control group. It may be
attributed to the fact that six weeks gymnastic exercises training may be improve the muscular strength,
agility, cardio-vascular endurance of experimental group.

5.Testing of Hypothesis
According to the hypothesis of the study, the observed result was confirming that there was significant
difference of various gymnastic Exercises on Selected motor fitness components of students, so, as per

the assessment of significance, the null hypothesis was rejected.

6.Conclusion

Six weeks various gymnastic exercises training significantly improved on selected motor fitness
components of school students. The muscular strength, agility and cardio-vascular endurance of the
students in experimental group has improved significantly in comparison with the control group due to
the effect of six weeks gymnastic exercise training.
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Abstract

Research in Physica Education and Sports is going on since centuries back.
Scientists are engaged in unveiling various facets of sports training. Apart from
biomechanics, sports psychology, sports training and many others exercise
physiology occupies a significant position. Research related to various bodily
organs and systems and their relationship with physical activities has been
attracting the researchers continuously. So far, the recent studies in the field of
Physical Education and Sports Science are concerned a good number of scholars
are focusing towards the area of pollution and their impact on the health and fitness
of athletes. Some are suggesting for use of face mask during sports training,
particularly when the athletes are getting much more exposed to areas with higher
air pollution. The use of mask became more prevalent and crucial during the 2020
pandemic. Men started thinking more about the use of face masks, their positive as
well as ill effects as a whole. At this juncture the scholar being an athlete by
passion and physical educationist by profession settled with the topic comparison
of endurance running of varsity males with and without mask. Purpose: The key
purpose of the study was to locate the difference on endurance performance
running of varsity male with and without face mask. Methodology: To accomplish
the study the scholar selected 30 varsity males between the age group 20 to 25. So
far, the design of the study it was experimental in nature composed of a pretest
followed by a post one. The scholar incorporated Cooper Test i.e. 12 mins run and
walk to assess the endurance performance of the subjects. As an ethical part the
scholar also prepared a consent form and got filled by the subjects prior to their
taking part in the experimentation. Conclusion: From data analysisit was reveaed
that the average distance covered by the varsity males wearing mask was 2223.30
mts. and the average distance covered by them without mask was 2366.63 mts
respectively. The scholar further computed inferentia statistics and from which it
was discovered that the performance of the boys was significantly better without
mask.
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Introduction:

Research in the field of Physical Education and Sports Science is one of the most prominent areas so far
explorations and inventions in the areas of science. Technology, social science and humanities are concerned.
It is a'so worth mentioning that sphere of research in the territory of Physical Education and Sports Scienceis
vivid and widely spread encompassing number of interdisciplinary subjects. Among the subjects Exercise
Physiology or Sports Physiology is one of the most common. Relationship between Human Physiology and
human physical abilities is mostly experimented. Keeping in view the area of experimentation and at the
same time to look into something new the scholar planned to conduct the study entitled: Comparison of
endurance running performance of varsity males with and without mask.

Running with mask the physiology behind:

When you wear a mask, it acts as a barrier to help prevent respiratory droplets from traveling into the air and
onto other people. These droplets go airborne when you sneeze, talk, cough, or raise your voice, which we all
do at some point during the day.

And since most cloth masks are breathable, Dr. Joshua Scott, primary care sports medicine physician at
Cedars-Sinai Kerlan-Jobe Institute in Los Angeles, says it should not limit oxygen intake or cause a buildup
of carbon dioxide.

To keep the likelihood of transmission low, Scott says running in crowded areas is not wise without a mask.
He also points out that running in groups or drafting off of other runners can increase the likelihood of more
virus exposure. In those situations, runners need to wear a mask in order to minimize therisk.

As with any barrier that may make it harder to breathe, Scott says a mask may make your workout harder
than usual. “Like running on an incline or at increased altitude, most healthy people will adapt to this over
time,” he said. However, you may fatigue more quickly while wearing the mask.

Scott points out that properly fitting face masks can increase the work of breathing.

s aerobic activity increases, he says wearing a mask while running can affect airflow and may increase your
perceived workload and heart rate.

Some literature: Nonetheless, as of March 2021, the World Health Organization (WHO) recommended that
individuals not wear masks while exercising as it may limit the ability to breathe.

Face masks have been recommended for preventing the spread of viruses (Chu et al., 2020; Hendrix et al.
2020).

The potential for spread of infections may be exacerbated during exercise due to heavy breathing, especially
indoors such asin fitness (Jang et al., 2020; Lendacki et al., 2021) and sport centres (Atrubin et a., 2020).
While some propose the use of a mask may increase carbon dioxide rebreathing, leading to hypercapnic
hypoxia and subsequently decreased tissue oxygenation (Chandrasekaran & Fernandes, 2020), others suggest
no impact on exercise (Shaw et d., 2020).

An expert narrative review recently concluded wearing face masks had minimal impact on physiological
function during exercise (Hopkins et al., 2021).

Purpose: The key purpose of the study was to compare endurance running performance of varsity males with
and without mask.

Significance: The author is of the view that the outcomes of the study will be able to establish a knowledge
base regarding use of mask during endurance running performance. It will help the coaches to acquire
understanding related to use of mask by the athletes its advantages and disadvantages.

M ethodology: With respect to methodology at the very outset the scholar randomly selected 30 varsity males
as subjects of his study with an average age of 26.6 yrs. After recording the age of the subjects, the scholar
estimated the height and body weight of them as personal data with the help of standard equipment. So far,
the design of the study it is experimental in nature composed of a pretest followed by a post one. As an
ethical part the scholar also prepared a consent form and got filled by the subjects prior to their taking part in
the experimentation.

Result and discussion: In this part of the monograph the scholar tried to depict the results derived from the
statistical analysis.
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Table 1. Descriptive statistics of age height and weight of the subjects.

N Minimum [Maximum [Mean Std. Deviation
AGE yrs 30 22 35 26.60 3.450
HEIGHT(CM) [30 152 183 168.27 6.721
WEIGHT(KG) 30 50 82 62.33 8.172
Valid N (listwise) {30

Mean & SD of Age height & Weight

Fig. No. 1 Column chart showing the Mean and SD of Age Height and weight

The results of descriptive statistics related to personal data i.e. age height and weight of the subjects have
been presented in table No. 1 and the bar diagram showing the vertica spread of the same values are
presented in fig. No.1.

Table No. 2 descriptive statistics of endurance running performance with and without mask

N Minimum Maximum Mean Std. Deviation
12 MINUTES RUN AND WALK WITHOUT MASK(METER) 30 1700 2950 2366.63 | 335.729
12 MINUTES RUN AND WALK WITH MASK(METER) 30 1570 2940 2223.30 | 328.765
Valid N (listwise) 30

MEAN AND 5D OF ENDURANCE PERFORMANCE

|2268.62

328.70% |

Fig. 3. Mean and SD of endurance performance
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From table 2 and the bar diagram presented in fig. no. 2 it is somehow clear that the performance of the
subjects vary while running with and without mask. It is also clear that the performance is better without
mask. To prove the degree of difference between the means to determine whether the difference is significant
or not the scholar further computed paired samples T test.

Table No. 3 Paired Samples Test Result

Paired Differences T af Sig. (2-tailed)
Mean Std. Deviation [Std. Error [95% Confidence Interval of the
Mean Difference
Lower Upper
12 MINUTES R AND W
’ W/M (mts) - 12
Pair 1 MINUTES R AND W -143.333 |128.257 23.416 -191.225 -95.441 -6.121 29 .000
WO/M (mts)

From the results of paired samples test it is evident that the endurance performance of the subjects without
mask is significantly better than that of with mask.

Conclusion:

From the findings of likeminded scholars, it is somehow clear that individuas feel some sort of uneasiness
due to the additional mask fitted on the face which probably leads to some physiological as well as
psychological changes. WHO aso recommends use of mask during exercise is not suitable. Some of the
physiological like restricted pulmonary ventilation, carbon dioxide rebreathing, may be hindering
performance as well as ease to exercise. From the above discussion it is clear that use of mask though help in
protecting athletes from unwarranted pollution and some other biological factors it is better to avoid mask
during sports training or performance except in some special cases like epidemic pandemic or environmental
conditions.
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Abstract We study spatiotemporal synchronization under
complex network of diffusively coupled chaotic modified
logistic map. In modified logistic map a new parameter is
introduced such that nonlinear term is in fractional power.
The complex network is dynamic whose coupling con-
nections change stochastically in time. Here we investigate
the spatiotemporal dynamics of coupled modified logistic
maps whose coupling connections are rewired randomly,
and we determine (1) the effects of variation of newly
induced parameter f3, (2) the effects of variation of low and
high rewiring probability, (3) the effects of variation of
growth rate r and (4) the effects of variation of different
randomness and linear stability analysis of the synchro-
nized steady-state solution. We have calculated analyti-
cally the critical coupling coefficient for the transition to
spatiotemporal regularity of the lattice. The analytical
results match well with the numerical simulation results.
The variation of the basin size with respect to coupling
strength and rewiring probability with various randomness
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and coupling is plotted. The simulation results do not
change significantly with the variation of lattice sizes.

Keywords Modified logistic map (MLM) -
Coupled map lattice (CML) -
Spatiotemporal synchronization (SS)

1 Introduction

Since the synchronization of dynamical systems observed by
Pecora and Carroll [1], chaos has become a topic of great
interest of science and engineering. Different types of syn-
chronization have been proposed. Shooshtari et al. [2] dis-
cussed identical synchronization of nonautonomous unified
chaotic system with continuous periodic switch. Generalized
synchronization for delay and nondelay chaotic systems
discussed by Tarai et al. [3, 4]. Phase synchronization control
of complex networks of Lagrangian system on adaptic
digraphs has been observed by Chung et al. [5]. Wang et al.
[6] also analysed module-phase synchronization in hyper-
chaotic complex Lorenz system after modified complex
projection. Khan and Poria [7] and Bao and Cao [8] described
projective synchronization of bidirectional coupled chaotic
systems and fractional-order memristor-based neural net-
works. Anti-synchronization of different types of chaotic
systems is discussed by Al-Sawalha and Noorani [9] and
Sing et al. [10], respectively. Adaptive lag synchronization
for uncertain complex dynamical network observed by Ji
et al. [11] and also Hung et al. [12] discussed finite-time lag
synchronization of delayed neural network. Synchronization
of coupled map lattice (CML) of chaotic maps has been
hellaciously examined. CMLs were introduced in a simple
model holding the essential features of nonlinear dynamics
of extended systems involving many individual units [13].
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The spatiotemporal dynamics in turbulence in fluids and
optics [14], solid-state physics [15], chemistry [16] and even
evolutionary biology [17] have been studied. Sinha [18]
discussed the spatiotemporal dynamics of network of diffu-
sively coupled chaotic logistic map with varying degrees of
randomness in coupling connections. Poria et al. [19] studied
spatiotemporal synchronization (SS) behaviour of coupled
Ricker maps over a complex network. Here complex net-
work is dynamic as at every update, connect a fraction of
randomly chosen sites to a node instead of their nearest
neighbours. Nag and Poria [20] investigated the SS beha-
viour of delay coupled chaotic smooth unimodal maps over a
ring network with stochastic switching of links at every time
step. We have observed SS behaviour of a complex network
of coupled logistic map with varying degrees of randomness
in coupling [21]. Here we have calculated analytically the
critical coupling coefficient for the transition to spatiotem-
poral regularity of the lattice and checked that our analytical
result matches well with the numerical simulation results.
Our new motivation is to introduce the modified logistic map
(MLM) of extended dynamical systems that have received
the CML’s considered as spatiotemporal synchronization.
The well-known logistic map is of the form
Xnt1 = 1%, (1 — x,,), where r is the growth rate of the popu-
lation. Noymanee and San-Um [22] used MLM in the form of
Xpp1 = rx*(1 — x¥), where o and 8 are the arbitrary power of
the variable x,,. But we consider the MLM inducing a single
parameter f3 in the nonlinear term of the logistic map, as

X1 = rxn(l —x,/f_l)v (1)

where 0 <r <4 and 2 < f<3. The main difference of this
model to logistic map is that the nonlinear term is in
fractional power instead of integer power.

2 Model

We have studied the circle lattice of MLM under diffusive
coupling. The map corresponding to this is written as

X1 () = €f (a (D) +€/2{x (i + 1) +x,(i = 1)}, (2)

where ¢ =1 —¢. The sites are denoted by integers
i=1,2,...,N; N is the linear size of the lattice, where
x,(i) is defined as population size of ith node at time n and
€ is the strength of coupling. Now we consider a model
where diffusion takes place randomly in varying degrees
and try to determine what dynamical properties are
significantly affected by the way connections are made
between elements with its coupling connections rewired
randomly with probability p. Namely, at every update we
will connect a site with probability p to randomly chosen
sites and with probability p’(= 1 — p) to nearest neighbour,
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i.e. at every instant, a fraction p of randomly chosen nearest
neighbour links is replaced by random links

Xn+1 = E/f(-xn(l)) + E/Z{Xn(él) + xn(fz)}, (3)

where & and &, both are random integers uniformly
distributed in {1,2,3,...,N} and with probability p’ the
dynamical equation of the system are governed by

X1 (0) = €f(x, (D)) + €/2{x, (i + 1) + x,(i — 1)}. 4)

The case of p =0 corresponds to the regular diffusion,
while p = 1 corresponds to completely random diffusion.
For any value of p between 0 and 1 (0 <p < 1) corresponds
to small world diffusion.

For MLM function Eq. (1) holds. Here x, >0 is a
dimensionless measure of the population in the nth genera-
tion, » >0 is the intrinsic growth rate, and f is the newly
induced parameter. This type of connectivity has been
observed in arange of natural and human engineered system.

3 Stability Analysis of MLM

MLM Egq. (1) has two fixed points x* = 0 and x* = (%)/’+l
The fixed point O is stable for 0 <r<1 and unstable for
r>1, and the other nontrivial fixed point (%)/f‘ is
stable for 1<r< ﬁ%} and unstable for r> ﬁ%} Nowlwe
show by analytical method that the unstable point (“1)7 is
stabilized in the range % <r<4 under the effect of
randomness and impossible for nearest neighbour coupling.
We assume that the total contribution due to k randomly
chosen neighbour is k(x(z)). The averaged out evolution
equation can be written as

T (i) = € (i) + e/ 2{xa(i + 1) + 240 — 1)}
e 5
+% ;xn(i), ®)

where p is the probability of being coupled to random sites.

Any random process can be classified into two parts:
first part is the mean, and another part is fluctuating part. If
the fluctuation is uniformly distributed with mean zero,
then we can neglect the contribution due to fluctuating part
and use the mean evolution for analytical result. Since the
random network is dynamic and the average connectivity
of each node is greater than 1, long time evolution of the
system would be equivalent to a globally coupled map
lattice. In MLM, each node in the ring network diffuses
certain fraction of material to the nodes which are con-
nected to it and receives certain fraction of material from
the nodes to which it is connected. A complete spa-
tiotemporal synchronization occurs when the state vari-
ables of each node adopt the same for all the coupled maps
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at all time n than transient time, i.e.

(1) =x,(2) = ---

greater
= x,(N).

4 Stability Conditions for Fixed Points of MLM

The Jacobian matrix for system (5) is given by

ar® (Eir @ vor
€a+N €<2+N> N 6<2+N>
PP g (P P

S E<2+N> ea+N E<2+N N (6)
vop @ 0t ?
E<2+N> N ea+N

where g = L] * is the spatiotemporal fixed point of
a == X" 18 spatiotemporal fixed point o

the MLM. Now, a Toeplitz matrix C is a circulant matrix
having the form

o €1 € Cn—1
Ch—1 Co (g N )
c=1 . . . . | (7)
C1 Cy C3 Co

where each row is a cyclic shift of the row above it. Above

circulant matrix (7) can also be characterized in the form
Ckj = C(i—k)mod(n)- Let the eigenvalues 1, and the
eigenvectors y® of C are solutions of Cy =1y or
equivalently expressed as

m—1

ch m+k Yk T ch m Yk = Wym- (8)

Changing the dummy, Eq. (8) becomes

n—l—m

Z CkYk4m + Z CkYk—(n-m) = YYm- 9)

k=n—m

Let y. = pX, where p, =e,i=+/—1 be the initial
solution of Eq. (9); therefore, from Eq. (9) we get

nlm

— 1
= ckpn—"_pnn Z n— mckpn W Let l//m_

Z k:() Cr p;”" with  the corresponding eigenvector
[1p," p,2"...p, "M e,
Y, =cotcipl +cap + -+ e plt "
Tim 2(n—1)mim
*CO+Cle" +C2€4” +"'+Cnfle n

/
I . B A T
—[ea-i-N}-i-{e(z-i-N)]e +3° o)

p/ p 2(n—1)mim
+ + {e (2 + N)] e

, ; 2nm
=€a+ep cos—.
n

The synchronized spatiotemporal fixed point will be
stable if all the eigenvalues of J lie inside the unit circle

(centred at origin). Therefore the stability condition is
given by |€a+p'ecos?™ <1 for all m and n. This
condition holds if |¢'a+ p’e| <1 and |¢'a — p’e| <1 hold
simultaneously. After simplification the synchronized fixed
point x* = (’7—')/‘% of the dynamic random network is
stable if

hhx{ i ,—1—}§e§hmn{ 0 fJi—J}, (11)
o+py—p o+py—p
where =p(l—r)+(1+r),

)
Therefore the synchronized fixed point x* = (=1)7T of
the dynamic random network is stable if

S e<l, (12)
'y p—
for ﬁ*% <r<4 and 2 < f<3. Therefore qualitative change
of the dynamics occurred at the coupling strength
€BIFUR = # Here stability range
i p

= . 13
Yy—p pP—7 (13)

R=1-

Surprisingly, we notice that stability range does not depend
on the lattice size. Therefore for regular nearest neighbour
coupling p =0 gives the null range of stability of the
synchronized fixed point x* = (*~ l)ﬁ " for any 7 ﬂ“ <r<4
and 2 < ff<3.

5 Numerical Simulation Results

The bifurcation diagram of MLM with respect to r is
plotted in Fig. 1, which propagates the well-known bifur-
cation scenario of MLM. Now we show numerically that
the unstable point x* = (-~ l)ﬁ T is stabilized in the range
ﬁ“ <r<4and 2 < <3 under random rewiring. We have
chosen the lattice size N =100 for all numerical
simulations.

5.1 Variation of the Newly Induced Parameter f

Case I In the Ist case we fixed the randomness at p = 0
and growth rate r = 3.5; then, the bifurcation diagram
showing the state of the lattices x,(i),i =1,2,3,...,100
with respect to coupling strength € is drawn for /3 =
2.09,=2.13,=2.2 and f =2.43 in Fig. 2a-d. From
figures it is clear that no synchronized periodic behaviour is
observed.

Case II Here we draw the bifurcation diagram of the
lattices x,(i),i = 1,2,3,...,100 with respect to e for dif-
ferent values of 1nduced parameter f§ =2.09,5 =
2.13,=2.135 and f = 2.2 in Fig. 3a-d fixing the ran-
domness at p = 0.5 and growth rate at » = 3.5. From fig-
ures, we obtain the different stability ranges for different
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Fig. 1 Bifurcation diagram with respect to population growth rate r of modified logistic map

values of parameter f3, which matches very well of our
analytically estimated ranges 0.5918 <e <1 for f§ = 2.09,
0.6226 <e<1 for f =2.13,0.6262<e<1 for f =2.135
and 0.6667 < e < 1 for § = 2.2. Therefore we observed that
with the increase of the newly induced parameter f, the
stability ranges are decreased. We observed from Fig. 3b, ¢
that periodic orbit is observed for f =2.13 and for f =
2.135 for complex network (p = 0.5) when r = 3.5. But
for lower values of f =2.13 and higher values of
f = 2.135, this type of behaviour is not observed for
complex network (p =0.5) which is established by our
Fig. 3a, d, respectively.

Case III In this case we draw the bifurcation diagram of
the lattices x,(i),i = 1,2,3, ..., 100 with respect to ¢, fixing
the randomness at p = 1 and growth rate at r = 3.5, for
different values of induced parameter f =2.09,f =
2.13,=2.135 and f=2.2 in Fig. 4a—d. The stability
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J-JE.
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Iﬁw o

cuu;l g strmagth T

0 0.2 0.8 0.8 [l ]
o ling strmagth §

Fig. 2 Bifurcation diagram showing values of x,(i),i = 1,2,.

ranges, obtained in Fig. 4a—d, map very well in our ana-
Iytical estimated ranges 0.4203<e<1 for f =2.09,
0.4520<e<1 for f =2.13,0.4558 <e<1 for f =2.135
and 0.5<e<1 for = 2.2. Interestingly, we noticed that
synchronized periodic behaviour is observed only for f§ =
2.13 with r = 3.5 for completely random coupling, but for
lower and higher values of § = 2.13, there is no synchro-
nized periodic state observed which are established by our
Fig. 4a—d. Here we notice that with the increase in the
newly induced parameter f3, the stability ranges decrease.

5.2 Variation for Low and High Rewiring
Probability

Case 1
In the 1st case, we draw the bifurcation diagram of the
lattices x,(i),i = 1,2,3,...,100 with respect to coupling

180
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'
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., 100, with respect to coupling strength ¢, for coupled modified logistic maps with

strictly regular nearest neighbour connections for a f = 2 09 r=35bp=213r=35,¢c¢f=22,r=35andd f=243,r=35
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strength e for low and high rewiring probability for ff =
2.09 and r = 3 in Fig. 5a, b and same for § =2.09 and
r = 3.5 in Fig. 5c, d. From Fig. 5a, ¢, we observe that no
synchronized fixed point is observed in low rewiring
probability, but synchronized fixed point is observed for
high rewiring probability in Fig. 5b, d, whose stability
ranges match very well with our analytical estimated ran-
ges obtained from Eq. (12).

Case 11

In case II, the bifurcation diagram of the CML for f =
2.09 and r = 3.5 with respect to coupling strength ¢ for low
and high rewiring probability are shown in Fig. 6a, b,
respectively, and same for f=2.139 and r=3.5 in
Fig. 6¢, d, respectively. In Fig. 6a, c, no synchronized fixed
point is observed in low rewiring probability, but for high
rewiring probability synchronized fixed point observed in

Fig. 6b, d, whose stability ranges match very well with our
analytical estimated ranges obtained from Eq. (12).

5.3 Variation of Growth Rate r

Case I

In this case, we fixed the randomness at p = 0 and newly
induced parameter f at f§ = 2.135; then, the bifurcation
diagram of CML is drawn in Fig. 7a—-d for different
r(=3.0,3.2,3.4,3.5). Here we notice that no synchronized
fixed point arises.

Case 11

In case II, we fixed the randomness at p = 0.5 and
f = 2.135; then, the bifurcation diagram of CML is drawn
in Fig. 8a—d for different r(= 3.0,3.2,3.4,3.5). Here we
achieve the stability ranges for synchronized fixed point.
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, ..., 100, with respect to coupling strength €, with » = 3.5, for a

B=209,p=0bp=209p=1cp=2139,p=0andd f=2.139,p = 1.0

Figures establish that for increase of growth rate, stability
ranges also increase, which supports Eq. (12). In Fig. 8d we
observe that synchronized periodic behaviour is observed
for complex network (p = 0.5) with § = 2.135 for r = 3.5
in low coupling strength, but for » <3.5, there is no syn-
chronized periodic behaviour which is establish in Fig. 8a—
c.

Case III

In case IIl, we fixed the randomness at p =1 and
f = 2.135, the bifurcation diagram of CML is drawn in
Fig. 9a—d for different r(= 3.0,3.2,3.4,3.5). Here stability
ranges increase with the increase of the growth rate r and
also support our analytical estimated range from Eq. (12).
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5.4 Variation of Randomness fromp =0top =1

We draw the bifurcation diagram of the lattices x,(i),i =
1,2,3,...,100 with respect to coupling strength e for dif-
ferent randomness p = 0,0.01,0.05,0.10,0.45,0.75,0.90
and p = 1.0 fixing the growth rate r = 3.5 and parameter
f = 2.135 as shown in Fig. 10a—g. Figure 10a shows no
stability range, as established from analytical range of
Eq. (13), and from Fig. 10b—g, we observe that the stability
ranges increase with increase of randomness. Synchronized
periodic behaviour is observed in low coupling strength
with r = 3.5, f = 2.135 for p > 0.05, but for p <0.05, there
is no synchronized periodic behaviour.
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6 Variation of Basin Size of the Synchronized
State

If out of n random initial conditions, synchronization is
obtained in m cases; then, the basin size is equal to % It is
clear that basin size lies between the values 0 and 1. To
compute basin size we have taken 100 random initial
conditions. If m = 0, then no synchronization occurs and
the values of basin size are equal to 0, and if m = n, then
the synchronization is observed in all cases and the values
of basin size become 1. We have plotted variation of basin
sizes with respect to coupling strength e for different
connectivity and basin sizes with respect to rewiring
probability p for different coupling strengths. In Fig. 11a
we plot the size of the basin of attraction with respect to
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rewiring probability p for r=3.5 with different
€(=0.20,0.40,0.75,1), and in Fig. 11b, variation of the
size of basin of attraction of the synchronized state with
respect to coupling strength for r=3.5 with p=
0.50,0.75,0.85 and p = 1 is drawn. Here we observe that
the range of synchronization increases with the increase of
p. In Fig. 12 we plot the variation of the size of basin of
attraction of the synchronized state with respect to coupling
strength for various newly induced parameter f(=
2.00,2.02,2.04,2.10) for (a)p =0, (b)p =0.50, (c)p =
0.75 and (d) p = 1 and same for different values of growth
rate r(= 3.2,3.5,3.8,4.0) in Fig. 13.
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DESIGN OF MULTISTABLE SYSTEM OF COUPLED DIFFERENT LORENZ AND
NUCLEAR SPIN GENERATOR SYSTEMS
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ABSTRACT. In this paper, we propose a new theoretical scheme design of multi-
stable system of coupled Nuclear spin generator and Lorenz systems. In the system
coupled Nuclear spin generator and Lorenz systems reduces to a single modified
Lorenz system. We derive the existence conditions of fixed points and the condi-
tions of local stability of the modified system is also derived. To obtain multistable
behaviour maximum lyapunov exponent of the system and bifurcation analysis
are analyzed. Dynamical behaviour with respect to multistable parameter using
MATCONT software are also analyzed. The main observation is that: In coupling
two m-dimensional dynamical systems multistable behaviour can be obtained if 4
number of variables of the two systems are completely synchronized and j num-
ber of variables keep a constant difference between them, where i + j = m and
1 <,j < m—1. Numerical simulation results are presented to verify the proposed
schemes.

1. INTRODUCTION

Multistability is the property whereby the solutions of a dynamical system can
alternate between two or more exclusive lyapunov stable and convergent equi-
librium states under asymptotically slowly changing inputs or system parameters.
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Multistable systems are observed in laser physics [1], condensed matter physics
[2] and electronic oscillators [3] etc. and biological system namely population
dynamics [4], neuroscience [5] and climate dynamics [6]. The dynamics of mul-
tistable systems are extremely sensitive to the initial state due to the coexistence
of different attractors and as a result very small perturbations of the initial state
might cause a large change in the final state. The mechanisms behind multistable
behaviour of many natural system’s are not completely known. Understanding
the rules behind multistability behaviour of a dynamical system remains one of
the fundamental problem of dynamical systems theory. In extreme multistability
the number of coexisting attractors is infinite. Techniques for designing extreme
multistable systems had been reported by Sun et.al. [7]. In their technique the
choice of coupling plays the vital role. Synchronization of two or more coupled
nonlinear systems are fundamental concept of nonlinear dynamics. Many synchro-
nization techniques were proposed since the pioneer work of Pecora and Carroll
[8]. In 1997, Feudel et.al.[9] have studied the behaviour of multistable systems
that one obtained from conservative ones by adding a small amount of damping.
Layton et.al. [10] have studied multistability in tubuloglomerular feedback and
spectral complexity in spontaneously hypertensive rats in 2006. In 2011, Geltrude
et.al.[11] have discussed multistability of chaotic systems to explore a complexity
deterministic closed loop mechanism to control bursting phenomenon. In 2015,
Li et.al. [12] have studied multistability in symmetric chaotic systems using am-
plitude control techniques. Since multistability and amplitude control sometimes
involved in dynamical systems with involutional symmetry. Hens et.al.[13] have
shown that the coexistence of infinitely many attractors in two coupled m dimen-
sional systems will be possible if m — 1 of the variable of the two systems are com-
pletely synchronized and one of them keeps a constant difference between them
and Pal et.al.[14] observed the coupling two m— dimensional dynamical systems
in multistable nature by obtaining ¢ number of variables of the two systems are
completely synchronized and j number of variables keep a constant difference
between them, where i + j = mand 1 < i,5 < m — 1. Very recently, in 2017,
Bao et.al.[15] have illustrated that the long term dynamical behaviour closely de-
pends on memristor initial conditions, thus leading to the immergence of hidden
extreme multistability in the memristive hyper chaotic systems. In the same year
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2017, Khan et. al.[16] have introduced a generalized scheme for designing multi-
stable systems by coupling two different dynamical systems. The basic idea of the
scheme is to design partial synchronization of states between the coupled systems
and finding some completely initial condition-dependent constants of motion.

The basic idea of the scheme is to design multistability of states between the cou-
pled systems and finding some completely initial condition-dependent constants
of motion. We discuss our scheme coupling two different Lorenz and Nuclear
spin generator systems. The bifurcation diagrams of the system with respect to
multistability parameters are shown here.

The paper is organized as follows: In Section 2, a generalized scheme for de-
signing multistability system is proposed and discussed taking two coupled Lorenz
system and Nuclear spin generator system. The existence conditions of local stabil-
ity is discussed in Section 3. Numerical simulation results are presented in Section
4. Finally, a conclusion is drawn in Section 5.

2. GENERALISED SCHEME FOR DESIGNING MULTISTABLE SYSTEMS

Consider the coupled two dynamical systems in the following way

1 = filzwr, T, 23, ... x,) + Ut (T, To, T3y oo s YL, Y2, Yss - - Yn)
Ty = folwy,m2,03,. .., ) + Un(¥1, 73,73, ., T3 Y1, Y2, Y3, -+ -5 Yn)
(21) 33:3 = f3(x17x27x3a---7$n)+u3(x17$2>x37---7$n;ylay2ay3>"'7yn)
Tn = folxy, 20,23, .0, 20) + Un(T1, T2, T3, ooy T YL, Y2, Y3y - - - 5 Yn)
and
yl = gl<3/1;y272/37---7yn>+Ul<$1a$273737--~axn§y17y273/3;---ayn)
y2 = gQ<ylay27y37"‘7yn>+U2<xlax27'x37’"an;yhy%y:’)a""yn)
(22) y3 = 93(y17y27y37"‘7yn>+U3($17x27x37'"uxn;yhy%y?)a"wyn)
yn = QN(y17y27y37"'ayn)+,Un($17l'27x3a"'7xn;y1ay27y37"'ayn)
where uy, us, us, . .., u, and vy, vs, vs, . . ., v, are the controllers. We define the error

ase; =y; —x;,i = 1,2,...,n. Now we obtain the error dynamical system
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& = (W Y2, Y3 Yn) — [r(@1, 02,23, ..., 2n) 01 — Wy
éQ = 92(1/1719273137~--7yn)_f2(1717$275537~--7$n)+U2—U2
(23) é3 = g3(y17y27y37"'7yn) —fg(xl,l'z,xg,...,l'n)+U3—U3
e'n - gn(y17y27y3a"'7yn)_fn(xhx%x?]a"'?xn)—'—vn_un
We choose the controllers wuq, us, us, ..., u, and vy, vs,vs, ..., v, suitable such that

the above system become multistable. Hens et al.[13] propose that the coupled
systems (1)and (2) have multistable behaviour if (n — 1) states of the two systems
synchronize and one state variable keeps constant difference with corresponding

state variable of the other system. They choose controllers uy, us, us, ..., u, and
V1, V9,03, ..., U, in such way that

eg = 0

€ = —e€3
(2.4) €3 = —e3

€, = —e€,

Here, we generalize the results of Hens et al.[13] and conjecture that "multistable
systems can be designed choosing ui, us,us,...,u, and v, vs,vs,...,v, in such
way that i (1 < ¢ < n — 1) number of state variables synchronize and (n — i)
number of state variables keeps constant difference". Therefore according to our

scheme we choose u, us, us, . .., u, and vy, vs, v3, ..., v, in such way that
él = O
ég == 0
ég — 0

(2.5) e = 0

€i+1 = —€i41
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€i+2 = €42

€, = —eé,

where 1 <i < n — 1. Then for such choice the system formed by coupling (1) and
(2) may show multistability.

Now we choose the function L = (ef, + €7, +e7, 5 + ...+ ¢2)/2 is a lyapunov
function for the above system because

V. = eijaeiia+ eiseiyat ...+ ency

= el - 6z2+2 - 6z2+3 —...—en
Hence the errors e;,1,€;.2,€i43,...,€, Mmust tend to zero i.e., yi1 1 = i1, Yiro =
Xig2,e - Yn = Tn, as t tends to — oo and eq, eg, €3, ..., €; remains constant in time.
Therefore y; = x1+c1,y2 = X2+ o, y3s =23+ 3, ...,y = x;+¢; and Y, = Tio1,

Yit2 = Tit2s- « +sYn = T
Now the dynamics of the coupled system(1) and (2) is equivalent to the follow-

ing system:

¥ = fi(z,.. xn) Fur(xn, . Ty e, T G T T)

To = fo(wy, ..., xn) Fug(xr,. .., Tp; 21+ C1y e T+ G T T)
(26) ZL:3 = f3($1,...,$n)+U3(ZL‘1,...,J]”;J}1+Cl,...,$i+Ci,Ii+1...,J]”)

Tn = folze,.o o x0) Fun(Ty, . T F 01, T G Tt -, Tp)
where ¢y, ¢, 3, ..., ;s are initial condition dependent constants. The system (6)
shows multistable behaviour if its dynamics changes qualitatively with varition of
c1,Co,C3,. .., cs. Notice that we have chosen ¢; = é; = --- = ¢; = 0 in general
€1, €2, . .. €; may be chosen as any polynomial functions of e;,1,€;,2,€;13,...,€,.

In the following section, we shall discuss our scheme coupling two different
Lorenz and Nuclear spin generator systems. Example of a proposition.



544 J.K. Sarkar, M.A. Khan, and G.C. Mahata

3. CONSTRUCTION OF MULTISTABLE SYSTEMS USING LORENZ AND NUCLEAR SPIN
GENERATOR SYSTEMS

We consider the coupled Lorenz system [17] and Nuclear spin generator system
[18] in the following form:

¥ = oz —x1) +uy

Ty = TIT]— Ty — T1X3 + Us
(3.1) Ts = X122 — brs + us

Y1 = —Pyity+u

Yo = —y1— Bya(l — kys) + vy

. 2
ys = PBla(l —ys) — kys] + vs
where wy, us, us, vy, v9,v3 are controllars and we choose u; = o(x; — 1), us =

Ty —Y2, uz3 = 0and vy = (0 —1)y2+By1, v2 = y1 +(B—1)ya +rz1 —y2 —y3(Bry2 +11),
v3 = Brys + T2 — Ba(1l — y3) — bys in such way that the above system reduces to

£ = o(x2 — 1)

Ty = TT1— Y2 — T1T3
(3.2) T3 = x1x9 — brs

Y1 = o

Yo = TT1— Y2 — T1Y3

Ys = x122 —bys

We now show that the six dimensional dynamical system is a multistable sys-
tem. Following Sun et al.[19] we construct the governing equations for the syn-
chronization errors e; = y; — x1, €3 = Y — T and ez = y3 — x3 as

él = O0€y
(33) ég = —XT1€3

ég = —b€3
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It follows that e; must tend to zero with time i.e., y3 = x3. Since z; is a bounded
physical quantity therefore

él = 0
(3.4) € = 0

which implies e;= constant=c¢; and e;= constant=c,. Hence, y; = z; + ¢; and
Y2 = o + ¢ Where ¢y, ¢, are some constants (dependent on the initial condition of
the full system). Each new set of initial conditions gives rise to different value of
¢, and c¢y. Therefore, the dynamics of the system of equations (7) is equivalent to
following three dimensional system

fl = 0'(!132—1’1 —Cl)
(3.5) Loy = TT] — Tog — Cy — T1X3
(’E'g = T1T9 — bl’g.

The system (7) is a multistable system if the dynamical behaviour of the system
(11) varies with the variation of the value of ¢; and c,.

4. PRELIMINARIES

4.1. Dissipativity and existence of attractor. For the above system(11), we ob-
serve that VV = g—£+g—§§+% = —(0+b+1) < 0,asc > 0and b > 0. So, the above
system is dissipative, with an exponential contraction rate ‘ﬁl—‘t/ = —(c+b+1)V.
That is, a volume element V; is contracted by the flow into a volume element
Voe~@tb+Dt in time ¢. This means that each volume containing the system trajec-
tory shrinks to zero as ¢t — +oo at an exponential rate,—(o + b + 1). Therefore,
system orbits are ultimately confined to a specific subset of zero volume, and the

asymptotic motion settles onto an attractor.

4.2. Equilibrium Points. We first study the nature of equilibrium points of the
system (11). An equilibrium point (x1, x5, x3) is such that the solution of a system
does not change in time. The equilibrium point of the system (11) is the point
E* = (a7, 2%, x%), where o = o} +¢y, 2} = b(ra} —af —c1 —c2) /2 (2] +¢1) and 27 is
the real root of the cubic equation 3 + c; 22 +b(1 —7)x; +b(c, +¢2) = 0. Therefore,
existence of non-trivial equilibrium points depend on the parameter value ¢; and
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co. E* exist when A = 19b%¢? + 18b%cico(1 — 1) + 40°r3 + r?b%ci — 4% + 120°r(1 —
r) — 27b(c1 + co) — 18b%cyr — 4bc] — 4bciey — 2rb*c? > 0.

The Jacobian matrix of the system (11) at the equilibrium point £* = (z7, x5, z3)

is given by
—0 o 0
(4.1) JE)=| r—af -1 —zj
xy x;  —b

The eigenvalues of the Jacobian matrix are the roots of the following equation
A+ a1\ + ag) + az = 0.

where, a1 = o(zjzs + bag — br) + o(2i> +b), az = 252+ b+ bo + ozl + 0 — or,
az=b+1+o0.

The equilibrium point E* = (x}, z3, 23) is stable if a; > 0, a3 > 0 and ajas, —ag >
0, otherwise E£* is unstable.

5. NUMERICAL RESULTS

We perform the dynamical behaviours of the system (11) through numerical
analysis with the parameter values which are taken form Lorenz system [17].
We have varied the vital parameters ¢; and ¢, throughout the whole numerical
simulations.

First, we discuss the simulation results of the system (11) with bifurcation and
maximum lyapunov exponent. The bifurcation and maximum lyapunov exponent
of the system(11) for different values of ¢; and ¢, are plotted for fixed o = 10,
r = 28 and b = 8/3. The bifurcation and maximum lyapunov exponent diagram
with respect to ¢; of the system(11) are plotted in figures 1(a),(b) to 4(a),(b)
for co = —2, ¢ = —1, ¢ = 1 and ¢, = 2 respectively. Also the bifurcation and
maximum lyapunov exponent diagrams with respect to ¢, of the system(11) are
plotted in figures 5(a),(b) to 7(a),(b) for ¢; = —1, ¢; = 1 and ¢; = 2 respectively.
The multistable behaviour of the system(11) is established from these diagrams.
In figure 8 extinction region of ¢; and ¢, of the system (11) are plotted for o =
10, » = 28 and b = 8/3. Figure 8 depicts regions of stable state, unstable state
and stable state. Notice that in Figure 8 the boundaries between the different
dynamical regions are not perfectly distinct. Because, in Figure 8 that the high
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periodic oscillations and chaotic region there are small areas. This occurs because
there is some degree of sensitivity to small changes in parameter values resulting in
sharp transitions between different dynamical outcomes. For internal bifurcation
scenarios of the system (11), we study a pattern of bifurcation sequences in next
Section.

6. HOPF BIFURCATION AND CONTINUATION

Our main aim of this section is to investigate the bifurcation scenarios of the
system(11) with respect to the parameter ¢; and c;. These are done by studying
the change in the eigenvalues of the Jacobian matrix and following the contin-
uation algorithm. We choose initial points 1y, = 9.5043676, x50 = 15.565189,
r3p = 18.166588 fixing the parameter values ¢ = 10, r = 28 and b = 8/3. The
characteristics of Hopf point, limit cycle and the general bifurcation nature are
explored using the software package MATCONT2.5.1. In this package we use
prediction-correction continuation algorithm based on the Moore-Penrose matrix
pseudo inverse for computing the curves of equilibria, limit point (LP) and its
continuation curves.

The continuation curves from the equilibrium point of =3 with respect to ¢; for
co = —b5(Red line), ¢ = 0(Blue line) and ¢, = 5(Magenta line) for the fixed
parameter values 0 = 10, r = 28, b = 8/3 are presented in figure 9. Exis-
tence of two Hopf points (H,, Hy), two limit points (LP;, LP,) are observed in
figure 9 for all those cases. The Hopf points H, and H, for ¢, = —5 are located
at (xq,x9,x3,¢1,02) =(9.5043676,15.565189,18.166588,-0.022349081,-5.0) and
(21, 29, T3, C1, o) =(9.5043676,15.565189,18.166588,2.293176,—5.000) with first Lya-
punov coefficient is to be 0.002076872, indicating a sub critical Hopf bifurcation.
Therefore, there are two complex eigenvalues of the equilibrium with real A\, 3 ~ 0
at the parameter. First Lyapunov coefficient is positive implies that a unstable
limit cycle appears from the equilibrium point. The limit points LP;, and LP;,
occur at (x1, Ta, 3, c1, c2) = (9.5043676,15.565189,18.166588,18.741569, —5.00) with
normal form of coefficient « = —0.2615149 and (xy, 29, x3,¢1, o) = (9.5043676,
15.565189,18.166588,-24.076094,-5.00) with normal form of coefficient
a = —0.2585899. The Hopf points H; and H, for ¢, = 0 are located at (x1, 2, x3, ¢1,
) = (9.5043676,15.565189,18.166588,-1.2610557,0.000) and (1,22, T3, ¢1,¢2)=
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(9.5043676,15.565189,18.166588,1.2610557,0.000) with first Lyapunov coeffi-
cient is to be 0.002029014, indicating a sub critical Hopf bifurcation. Therefore,
there are two complex eigenvalues of the equilibrium with real A\,5 ~ 0 at the
parameter. First Lyapunov coefficient is positive implies that a unstable limit
cycle appears from the equilibrium point. The limit points LP, and LP, occur
at (zy, xe, x3, €1,020)=(9.5043676, 15.565189,18.166588,-21.280859,0.00) with
normal form of coefficient a = —0.2599334 and (x1, x2, x3,¢1,c0)= (9.5043676,
15.565189,21.28085918.166588,21.280859,0.00) with normal form of coefficient
a = —0.2599334. The Hopf points H; and H for ¢, = 5 are located at (z;, z9, x3,
c1, c2)= (9.5043676,15.565189,18.166588,-2.293173,5.00) with first Lyapunov
coefficient is to be 0.002076873 and (x1, x2,23, ¢1,¢2) = (9.5043676, 15.565189,
18.166588, 0.022354, 5.0) with first Lyapunov coefficient is to be 0.001964840,
indicating a sub critical Hopf bifurcation. Therefore, there are two complex eigen-
values of the equilibrium with real \,3 ~ 0 at the parameter. First Lyapunov
coefficient is positive implies that a unstable limit cycle appears from the equilib-
rium point. The limit points L P, and LP, occur at (x1, x2, x3, ¢1,c2)= (9.5043676,
15.565189, 18.166588, -24.076094, 5.0) with normal form of coefficient a =
—0.2585901 and (z1, za, 21,c1,02)=(9.5043676, 15.565189, 18.166588, 18.7415609,
5.0) with normal form of coefficient « = 0.2615148. The bifurcation results to-
gether with normal coefficients with respect to ¢; are listed in Table 1.

The continuation curves from the equilibrium point of 3 with respect to ¢,
for ¢; = —5 (Red line), ¢; = 0 (Blue line) and ¢; = 5 (Magenta line) for the
fixed parameter values ¢ = 10, r = 28, b = 8/3 are also presented in figure
10. Existence of two Hopf points (H;, Hs), two limit points (LP;, LP,) are also
observed in figure 10 for all these cases. The bifurcation results together with
normal coefficients with respect to ¢, are also listed in Table 2.

Table 1: Bifurcation points of the system(11) in figure 9, to-
gather with first Lyapunov coefficients, normal form coeffi-
cients and eigenvalues for parameters o = 10, r=28 b = 8/3.
Hy, H- Hopf points; LP;, L P,-Limit Points.

Label First Lyapunov Eigenvalues

&) c1
coefficients/ Normal
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-5.0000 | -0.022349081 | H; l; = 0.002076872 | —13.666, £710.43590
-5.0000 2.293176 Hy l1 =0.002076872 | —13.666, £¢10.9509
-5.000 | -18.741569 | LP; a = —0.2615149 —19.2776,0.0000, 5.61162
-5.0000 | 24.076094 LP, a = —0.2585899 —19.2436, —0.000001148, 5.57762
0.0000 | -1.2610557 Hy l1 =0.002029014 | —13.666, £¢10.7053
0.0000 1.2610557 Hy l; =0.002029013 | —13.666, £:10.7053
0.0000 | -21.280859 | LP; a = —0.2599334 —19.259,0.0000, 5.59298
0.0000 | 21.280859 LP, a = —0.2599334 —19.259, 0.0000, 5.59298
5.0000 -2.293173 H, l; =0.002076873 | —13.666, £710.8509
5.0000 0.022354 Hos l1 =0.001964840 | —13.666, £¢10.4359
5.0000 | -24.076094 | LP; a = —0.2585901 —19.2436, 0.0000, 5.57761
5.0000 18.741569 LP, a = 0.2615148 —19.2776,0.0000, 5.61162

TABLE 2. Bifurcation points of the system(11) in figure 10, togather
with first Lyapunov coefficients, normal form coefficients and eigen-
values for parameters o = 10, r=28 b = 8/3. H;, Ho- Hopf points;
LP;, LP,-Limit Points.

Co c1 Label First Lyapunov Eigenvalues
coefficients/ Normal
form coefficient
-5.0000 | -17.569229 | H; Iy =0.001737604 | —13.666, +79.60221
-5.0000 | 22.684046 Hy l1 = 0.002156435 —13.666, +:711.6893
-5.000 | -50.443686 | LP; a = 0.2822183 —19.6054, 0.00000, 5.9394
-5.0000 | 157.38987 | LP, a = 0.2981529 —20.7374,—0.00000, 7.07142
0.0000 -5.0813 H; l1 = 0.001963648 —13.666, +¢10.4313
0.0000 5.0813 Hs [1 =0.001963647 —13.666, +:10.434
0.0000 | -88.170607 | LP; a = 0.2946126 —20.00, 0.0000, 6.334
0.0000 | 88.170607 | LP, a = —0.2946126 —20.,0.00000, 6.334
5.0000 | -17.569224 | H; Iy =0.001737605 | —13.666, +79.60221
5.0000 | -22.684046 | H, l1 = 0.002156435 —13.666, +:711.6893
5.0000 | -50.443686 | LP; a = 0.2822182 —19.6054, 0.0000, 5.9394
5.0000 | 157.38987 | LP, a = —0.2981532 —20.7374,—0.00000, 7.07142
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7. CONCLUSION

We introduce a generalised scheme for designing multistable coupling Lorenz
system. In this scheme the two state variables of the coupled systems synchronize
and other state variables keep constant difference. In this scheme the coupled
Lorenz system reduces to a single modified Lorenz system. Equilibrium points of
the proposed system are determined and the local stability criteria is derived. Mul-
tistable nature of the coupled Lorenz system is described through bifurcation and
maximum lyapunov exponent diagrams. One and two parameter bifurcation anal-
ysis is done using MATCONT software. Our investigation and predictions may be
very useful for designing multistable systems in different branches such as biology,
physics and engineering sciences.
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FIGURE 8. Dynamics of the system with respect to ¢, as a function
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FIGURE 9. Continuation curves of equilibrium with the variation of
the parameter ¢, for c;= -5(red line), O (blue line), 5 (magenta line)
of the system (11) for 0 = 10.0,r = 28,b = 8/3: H;, H,-Hopf point,
LP;, LP;-limit point.
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AR - 39 Alsd 3 U RNfFefae AT Farg & Hiel A feed (CMH) §RT 3afaid 3R EcarhyoT
AW (IGW) ¥ & SR Sall YaTe (E;) AR 311 UaTe (1 3R 1) 3 81T et &bl ATThIpd et &1y fomar
IAT ¥ ARG P STR-YET 817 A, TRE-TEAA fed (KIH) A IR W q@-ufAa 3@ § Safs sma-aa ed
(ABH) #IE ¥ U 3a-gTaI0T 3o @ & 3N 1978791 HHDBIOT W AT § T Teh CMH aetell §1 30 3HeTaT A,
3BT 3MgRT (N) & TATIAIET FeaTer Heetar 3R AT vare & af geat g, & W) aR fmar 3 &1 967 & Ataa &
gl ar gfefer arerer € 3R avad & FAlaa a3 == B 7S ¥ &Y Aeret P 3reame fomar ¥ 3R @l Arerat
e TR W Satt vare 3R a1 yare 67 107 &1 975 § 3R uwel & A 13T gRT U GROTEAT & A1 gt &t
MR

ABSTRACT. In this model an attempt has been made to parameterize the vertical energy flux (E;) and the
horizontal components of momentum flux (T and t,) associated with internal gravity waves (IGW) excited by the
Corner Mountain Hills (CMH) in a baroclinic mean flow. In the north-eastern region of India, the Khasi-Jayantia Hills
(KJH) is broadly east-west oriented whereas the Assam-Burma Hills (ABH) is broadly north-south oriented and they
meet approximately at right angle forming a CMH. In this study, realistic vertical variation of the Buoyancy frequency
(N) and two components U, V of the basic flow have been considered. There are two selective cases during winter season
and rainy season have been discussed. Two cases have been studied and in all cases the energy flux and momentum
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fluxes at different levels have been computed and compared with the results obtained by earlier investigators.

K ey wor ds— Corner mountain hills, Energy flux, Momentum flux.

1. Introduction

It is a well-established fact that, when a stably
stratified air-stream flows across an orographic barrier,
gravity waves are excited to propagate upward direction
under certain conditions of thermal stability and airflow
dtratification.  Now, these gravity waves are known as
internal gravity waves (IGW). These IGW can propagéate
verticaly to a great distance carrying energy and
momentum to higher levelsin the atmosphere. Sometimes,
they are associated with the formation of clear air
turbulence (CAT). The information about standing waves,
which under favourable meteorological conditions form
on the lee side of the mountain barrier, is very important
for the safety of aviation. Many aircraft accidents reported
in mountainous areas are often attributed to the vertical
velocities of large magnitude associated with the lee
waves. Hence the studies on |ee waves associated with air
flow across an orographic barrier have an important
bearing on the safety of aviation.

Sawyer (1959) first pointed out the relative
importance of this momentum loss in the mean flow due
to continuous extraction of momentum by the orographic
gravity waves. He considered a 2-D bell-shaped obstacle
with half with (a = 2 km) and height (b = 300 m) and
determined the typical value of wave momentum flux of
the order 1-10 dynes’cm® Eliassen and Pam (1961)
showed that in case of 2-D linear gravity waves, the
vertical flux of horizontal momentum due to gravity
waves is independent of height when the waves are steady
and non-dissipative. Blumen (1965) showed that the
magnitude of the waves drag is sensible to the vertical
wavelength. He also noted that the maximum value of the
drag is attained when the vertical wavelength is twice the
maximum height of the momentum. Bertherton (1969)
reviewed the theories concerning the propagation of
internal gravity waves (IGW) in a horizontal uniform
shear flow. His computations showed that for a 19 m/s
gradient wind over hilly terrain in north Welsh, the wave
drag amounted to 4 dyne/cm? of which 3 dyne/cm?

(181)
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probably acted on the atmosphere above 20 km. Lilly
(1972) reported that a conclusive evidence of the
importance of the wave drag obtained from the data
collected over the Front Range of the Colorado Rockies
by instrumented aircraft during field experiments.

Smith (1978) computed the pressure drag on the
Blue-ridge Mountain in the Central Appalachains. During
the first two weeks of January 1974, he observed several
periods with significant wave drag with pressure
differences typically of the order of 50 N/m? across the
ridge. Blumen and Dietze (1981) considered a 3-D linear
hydrostatic model of stationary mountain wave in a stably
stratified air-stream. They took both the incoming basic
flow buoyancy frequency to be independent of height, but
lateral variation of incoming flow was incorporated by
assuming a hyperbolic secant profile (U = sechy).
Somieski (1981) considered a 3-D circular mountain for
the stratified hydrostatic flow. He derived a second order
wave eguation from the primitive equation including
constant rotation and vertical shear of the mean flow. He
solved the equation numerically and showed that in case
of non-shear and constant static stability, the nodal lines
are parabolic for circular mountain of diameter 50 km.
Palmer et al. (1986) addressed the general westerly bias of
the global general circulation models (GCM). They
showed that one way to reduce this general westerly bias
is to incorporate the gravity wave drag parameterization
scheme in the GCM. Gravity waves drag parameterization
scheme proposed by Palmer et al. (1986) and McFarlane
(1987) reduced the westerly bias mainly in stratosphere.
Iwasaki et al. (1989) addressed a new type of gravity
wave drag parameterization scheme to improve the
tropospheric westerly bias by including the effects of
these tropospheric-trapped lee waves.

Dutta (2001) studied the momentum and energy
fluxes associated mountain wave across Mumbai-Pune
section of the Western Ghats in an idealized air-stream.
He showed that the momentum and energy flux both were
independent of height and half width of the bell-shaped
part of the barrier. Dutta and Naresh Kumar (2005)
considered a 2-D mathematical model for an idealistic air-
stream across the Assam-Burma Hills (ABH). They
showed that fluxes were independent of height and also
dependent the length of valley of ABH. Dutta (2007)
addressed a linear dynamical model for air flow across the
Western Ghats and Khasi-Jayantia Hills in a redlistic air-
stream. He also showed that the variation of momentum
and energy flux both were not uniform with height. Das
et al. (2016) developed a 3-D mathematical model for
parameterization of momentum and energy flux for an
redlistic air flow across the Assam-Burma Hills (ABH).
They showed that both momentum and energy fluxes vary
in the vertical.

Das et al. (2017) used a mathematical model for the
3-D dynamics of lee wave across a meso-scale mountain
corner. They studied the relation between the possible
transverse and divergent lee wave numbers (k, 1) and also
discussed and mapped the updraft/downdraft regions
associated with lee waves at different heights.

In some of the above studies, wind and stability were
assumed to be either invariant with height or assumed to
have some analytical behaviour with height. Solutions for
such studies were essentially obtained by anaytica
method. In other studies, realistic vertical variation of
wind and stability were considered and the solution
obtained using quasi numerical or numerical method. In
al the studies the barrier (2-D) or the major ridge axis
(3-D) of the barrier has been assumed to be extended
broadly either in the East-West (EW) direction or in
North-South (NS) direction.

In India in the northeast region, the Khasi-Jayantia
Hills (KJH) is broadly East-West oriented whereas the
Assam-Burma Hills (ABH) is broadly North-South
oriented and they meet at almost right angle forming a
mountain corner to the northeast. It is believed that
weather and climate in that region are neither controlled
by KJH aone nor it is controlled by ABH alone, rather
they may be controlled by their combined effect. To
address the problem of this combined effect, one has to
investigate the effect of the above mountain corner on
airflow and rainfall in that region.

The objective of the present study is to propose a 3-
D dynamical model for parameterizing energy flux and
momentum flux associated with IGW across Corner
Mountain Hills, which has not been addressed so far.

2. Data

Guwahati (26.19° N Latitude and 91.73° E
Longitude) is the only Radio-Sonde station to the
upstream of ABH. Accordingly, for the present study we
have used the average of 0000 UTC and 1200 UTC
RSRW data of Guwahati for 8" January, 1967 and 18"
July, 2004, have been obtained from Archive of India
Meteorological Department (IMD), Pune, India.

3.  Methodology

The mathematical model has been used in this study
for lee wave across a meso-scale mountain corner. The
proposed model considers a steady state, adiabatic,
inviscid, non-rotating and Boussines g mean flow across a
meso-scale  mountain  corner. The redlistic vertical
variation of mean flow has been considered here. The
basic flow consists of two components U and V aong x
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and y axis respectively. Under these assumptions the
linearized governing equations are simplified to:

Ua_u+va_u+vv'd_uz_i6_p (1)
OX oy dz Po OX
Uﬂ+Vﬂ+v\/d_U:_ia_p (2)
x oy dz pyoy
U%.}.V%:—ia_p_F i (3)
OX oy po 0z &y
8_u+ﬂ+%=0 (4)
oxX oy oz

U%+V%+W’%=0 (5)

ox oy dz

where, U, V, po, 6, are respectively zonal component,
meridional component, density and potential temperature
of basic flow and u', V', w, p', ¢ are respectively the
perturbation part of zonal wind, meridional wind, vertical
wind, pressure, density and potential temperature. Since
the perturbation quantities, u’, v\, w, p, ¢ etc are all
continuous functions of X, y, z hence their horizontal
variation may be represented by a double Fourier integral,
such as,

u'(x,y, Z):le J' J.A(k,l,z)ei(kx*'y)dkdl

where, G(k,1,2)= J. I u'(x,y, 2)e " Waxdy is the
double Fourier transform of u' (x, y, Z). Performing double
Fourier transform from (1) to (5) we get

du p

i(kU +1V )+ W— = —ik— (6)
dz Po

i(kU 1V o+ w2 =i P @)
dz Po

i(ku +|v)“=—i@+ gi )
Po0Z G

iki+ili+ ™ —0 )

0z

i(ku +|v)é+w‘2—9:o (10)
Z

where, 0,V,W, f),é are double Fourier transformation
of u,v,w,p',0.

Eliminating G,V, p,@ from the equations (6) to (10)
we get

~ ~ 2(1.2 2 kdiu_,_ dl
oW, 1dpaw |N*(K+1%) | K g
0" p, dz 8z | (kU +IV)® kU +IV

du ol dav
idpo_ dz? dz? —(k2+|2) W=0
p, Oz kU +1V
(11)
where, N= g% is the Brunt-Vaisaa
6y, dz

frequency.

Now putting Wk,|,z)= 'OO—(O)Wl(k,I,z)in equation
,00(2)

(11), we get vertical structure equation

2;\
O [t k1, 2)- K2y =0 (12)
0z
where,
du | dv
t(k.I,2)= N7 +17) | g | 1 dp
T (kU IV kU+IV | p, dz
AU AV ,
| _d®?  d? |, 1 (dpo 1 d?p
kU +1V 4p2\ dz 2py dz?
and K2 = I+

It is very complicated to solve the equation (12)
analytically. So, the equation (12) is solved quasi-
numerically for the given wave number vectors (k, I) of all
vertical levels. The direction of the zonal wind changes
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Fig. 1. The profile of Corner Mountain Hills

from north to south during winter season at al levels
(De, 1973). The solution of (12) is strictly indeterminate
unless the values of f(k, I, 2) is specified at great height.
Therefore it is assumed that above the upper boundary
f(k, 1, 2) is constant. For simplicity, it is also assumed that
above the upper boundary f(k, I, 2) = 0, which is similar to
Sarker (1967), Dutta (2005, 2007), Das et al. (2016) etc.

Therefore the approximate solution of the equation
(12) intheregion f(k, I, 2) = 0 is of theform

w(k,1,z)=Ce ™ (13)

where, ‘C' is an arbitrary constant. Since the
pressure and vertical velocity are continuous function of z

L0y . . .
So, Wl? are aso continuous function of z in the
z
region f(k, I, z2) = 0. Hence
o _ —KW, (14)
0z

here, the equations (13) and (14) are the upper
boundary condition of the equation (12). Now at the
surface the airflow follows the contour of the corner
mountain, the profileis given by :

y) =t P
T 2[@(x-xf b (y-yof

} (15)

Profile of (15) is given by Fig. 1. The chess colour of
this figure is the corner mountain, which we are interested
to study. Now the double Fourier transform of (15) is
givenby :

Ak,

2

|:|Ee—ak—ikx0 +Ee—bk—ilyo:| (16)

Now the linearized lower boundary condition
(at z=0) for W, isgiven by

oh(x,y,0)
oX

. oh(x, y,0)

V(O)—ay

w; (%, y,0)=w(x,y,0)=U(0)

Therefore,

W (k,1,2)=i[ku (0)+1V(0)n(k.1) a7

Using the above boundary conditions and following
Das et al. (2016) the equation (12) has been solved quasi-
numerically. Therefore the solution for W (k,l,2) is given

by :

(k.1 2) = i[kU (0)+ IV (O)Jf(k, | )‘;Et || g)) (18)

Hence,
k2= (209, . - w(kl,2)
(k.1,2) () (kU (0) |v(o)]h(k,|)_w(k,l’0)
(19)

where, ¥(k,l,z) is an arbitrary function, which
satisfying equations (12), (13) and (14) and its value at
above the upper boundary is 1. Following Das et al.
(2016) ¥(k,1,z) has been computed numerically at

different vertical levels and different vertical grid points,
at intervals of d = 0.25 km, for a given wave number
vector (k, I). Now we obtain p,landvfrom equations (6),
(7), (8) and (10) by following Das et al. (2016).

(), 2)= ich:jl;”z\Z/)W(kJ,Z)—(kU +'V)gﬂ/’o(z)

K2

p

(20)

du  dv ).
| W (kdz+ldzjw(k,l,z)
i w(k,l,z)a+F .
— (kU +1vV)==

0z

(kU +1V)
(21)
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Figs 2(a&b). (a) Vertical profile of U(2), V(2), T(2) and (b) Vertical
profile of energy flux, on 8" January, 1967

du  dv ).
| & K (kdz+ldzjw(k,l,z)
i vv(k,l,z)—z+F -
—(kU +1V)=

0z

k1. 2)= (kU +1V)

(22)

Using Egn. (19), wcan be found out at each level
for a given wave number vector (k, 1) and also using Eqn.
(19) and vertical profile of basic state wind and
temperature field, p,0,v can be found out. By performing
inverse double Fourier transformation on equations (19)-
(22) numerically, we obtain w', p', U', V' a each horizontal
grid point (5km apart) at each vertical level. Following

14
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Figs 3(a&b). (a) Vertical profile of momentum flux (z,,) aong x-
axis and (b) Vertical profile of momentum flux (z,,)
along y-axis on 8" January, 1967

Das et al. (2016), then the two horizontal components of
the momentum flux vector, viz., 7, = aWw, 7,, = W and
energy flux E, =;§=vi/ at any vertical level and any

horizontal grid point have been computed, where ()
indicates the average surface area ‘S of the orographic

; H -1 %o -1 Y
barrier, where S=—| y,tan™| 22 tanY 22 ||.
2[y° [aj”" [bﬂ

4. Resaultsand discussion

Using the equations (19)-(22) we have computed the
energy flux and the components of horizontal flux for two
selected cases when ar stream characteristics
where favourable for occurrence of the mountain wave.
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Figs. 4(a&b). (a) Vertica profile of U(2), V(2), T(2) and (b) Vertical
profile of energy flux (E,), on 18" July, 2004

Computations are made alowing realistic vertical
variation of wind and static stability.

Case 1: 8" January, 1967 (Winter season)

The vertical profiles of two components of basic
flow U(2), V(20 and temperature T(2) in the undisturbed
flow shown in Fig. 2(a), which are based on the average
of 0000 UTC and 1200 UTC RS/RW data of Guwahati for
that date during winter season. This figure shows that the
profile of temperature T(2) is constant lapse rate with
vertical. Using this profile the vertical energy flux (E;) and
two horizontal components of momentum flux t,, along
x-axis and 1, @dong y-axis are computed at different
levels.

The energy flux (Ep) is shown in Fig. 2(b). The
figure shows that energy flux is invariant in the vertical
above z = 3 km. It is seen that at the lower levels up to
z=1.2kmE;isinvariant and in the layer from z= 1.2 km
to z= 2 km E, is vertically upward and in the layer from
z=2kmto z=3km E, is verticaly alternatively
downward and upward. Hence Fig. 2(b) also shows that
the divergence/convergence of E, in the layer up to
z=3km.

The vertical profile of momentum flux (t,) aong
x-axis is shown in Fig. 3(a). It is seen that the momentum
flux 1, is invariant in the vertical above z= 5.3 km. It is
seen that at the layer from z = 0.4 kmto z= 1.7 km and
from z = 2.1 km to z = 2.6 km the flux 1, is verticaly
upward. In the layer from z= 2.6 kmto z= 3.4 km 1, isS
vertically downward.

The vertical profile of momentum flux (t,) aong
y-axis is shown in Fig. 3(b). From this figure, it is seen
that, the momentum flux (t,) is invariant in the vertical
above z = 5 km. It is also seen that at the layer from
z=17kmto z=2km 1, is verticaly upward and in the
layer from z = 0.5 km to z = 1.7 km the momentum flux
(t4) is vertically downward.

Case2: 18"July, 2004 (Rainy season)

The vertical profiles of U(2), V(2) and T(2) in the
undisturbed flow are shown in Fig. 4 (a), which are based
on the average of 0000 UTC and 1200 UTC RS/RW data
of Guwahati of 18" July, 2004 during rainy season. The
figure shows that the profile of temperature T(2) is
constant moist adiabatic lapse rate with vertical and hence
following Sarker (1967) and De (1971), T(2) is
approximated by the pseudo-adiabatic line through the
surface dry bulb temperature. Using this profile, the
vertical energy flux (E;) and the two horizonta
components of the momentum flux t, and 1, at different
levels have been computed.

The vertical profile of the energy flux (E,) has been
shown in Fig. 4(b). It is seen that the energy flux (E,) is
invariant in vertical above z= 2.6 km. It is also shown that
from z = 0.5 km to z = 2 km the energy flux (E,) is
upward.

The vertical profile of momentum flux (t,) along
x-axis has been shown in Fig. 5(a). It is seen that 7 is
vertically upward in the layer from z = 1.7 km to
z = 2.8 km and it is also invariant in vertical above
z=2.8km.

The momentum flux (t) along y-axis is invariant
with vertical above z=2.8km, which is shown in
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Figs. 5(a&b). (8) Vertical profile of momentum flux (z,,) along
x axisand (b) Vertical profile of momentum flux (z,, )
along y axis on 18" July, 2004

Fig. 5(b). The Fig. 5(b) also shows that 1, is vertically
upward in the layer from z = 1.6 km to z = 2 km and
verticaly downward in the layer from z = 2 km to
z = 2.8 km. Dutta (2001) considered the profile of
Mumbai-Pune section of Western-Ghats (WG) and there
was only one ridge and a plateau. He showed that the
plateau portion does not contribute to the fluxes of energy
or momentum. In the present study, corner of the CMH
has contributed to the fluxes of energy and momentum.

5. Conclusions

In this investigation, we have presented the wave
momentum flux and energy flux for 3-D meso-scale lee
wave across the CMH following a quasi-numerical
approach. In the sequel, we have made some interesting
observation. Moreover,

(i) From the study of above two cases, it is found that
the fluxes vary in the vertical but the vertical variation is
not uniform with height. In the some layers, fluxes are
upward and somewhere fluxes are downward.

(if) In the both cases, the effects of corner of the CMH
have been observed. This makes the energy flux (E,) or
momentum fluxes (1, ) divergent / convergent in the
vertical.

(iii) The above model may be used for any 3-D mountain
profile to compute the energy flux (E,) and two horizontal
components of the momentum fluxes (1 and t,) &t
different levels.

(iv) Information revealed from this study about vertically
upward fluxes of energy and momentum at lower levels
appears to be important for aircraft operation.
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AR — 9Rd &, - &7 #, 3HA-gAT Red@ (ABH) & a7 - 3mAmed 3SR aranatt grr
wORa frar mar ¥, 4 o aRfAd gt & o1& grr e e aw ¥ 56 O I vdva F A6 whd
o AT Tl ¥ 3 3-8 ot da9 YANP Hiegd B U A B UAE HA1 R ¥ e gae h
tiRaefes, safdfds, aiffar, R, qfaws, R-goff § 3R 7@ gae & Ada gea () 3R
AMNETaa e (M) aAd E, T BHR F 77T g & AT AN FAGR T & arar | qean
F fou, I yae & "ged (F, @) 3R Sctoraddr IgR (TA) @ FAE F AT TH FHAAT AT
Srar § 3R safder @l & T sadl gl off ey fr S ¥ wddvE afdmer aRE (w)
IR N aEa T (4) W 9 IS F T A IF KA AT, TR Hedied TEACHD
fFaR & wu & rgenfad fear o 1 3 A, aorer v oo oRomEr i gerer ged & St
gR1 o fpu T TuRicHE uRemaAt & T8 F

ABSTRACT. In Indig, in the North-East region, the Assam-Burma Hills (ABH) has been synthesized by two
three-dimensional eliptical barriers, they are separated by a valley of some finite distance. In this paper, an attempt has
been made to obtain a 3-D lee wave numerical solution associated with a meso-scale dry mean flow across the ABH.
Where the flow is an adiabatic, inviscid, laminar, steady, Boussinesq, non-rotational and the basic flow consists of the
zonal component (U) and the meridional component (V), they are normal and parallel to the major axis of the dliptical
barrier respectively. For simplicity, the two components (U, V) of the basic flow and Buoyancy frequency (N) are
assumed to be uniform with height and also the perturbation technique has been applied to the governing equations. The
perturbation vertical velocity (W) and stream line displacement (") are expressed as a double integral, which have been
evaluated to approximate as the numerical expansion. Finaly, the computed results have compared with the asymptotic

results obtained by earlier investigators.

Key words — ABH, Perturbation vertical velocity (w'), Streamline displacement (7").

1. Introduction

Orography is the study of the formation and relief of
mountains and can more broadly include hills and any part
of aregion’s elevated terrain. The climate and weather of
a place are strongly influenced by the orography. In the
past, many aircraft accidents reported in mountainous
areas are often attributed to the vertical velocities of large
magnitude associated with the lee waves. Hence, the
studies on the lee waves are associated with air flow
across an orographic barrier, have an important bearing to
the safety of aviation.

Theoretical studies on this field can widely be
divided by two categories. In one category, the mountain

barrier has been assumed the two-dimensional. The two-
dimensional mountain wave problem was first addressed
by Lyra (1943) and subsequently by Queney (1947);
Scorer (1949); Sawyer (1960); Sarker (1965, 1966); De
(1973); Sinha Ray (1988); Kumar et al. (1998) etc. In
another category of theoretical studies on the three-
dimensional mountain wave problem was first addressed
by Scorer and Wilkinson (1956) and subsequently by
Wurtele (1957); Crapper (1959); Sawyer (1962); Das
(1964); Smith (1979); Dutta et al. (2002); Dutta (2005,
2007); Daset al. (2013, 2016) etc.

In India, studies on the effects of an orographic
barrier on airflow have been addressed by Das (1964);
Sarker (1965, 1966); Sarker et al. (1978); De (1973);
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Sinha Ray (1988); Dutta et al. (2002); Dutta (2005); Dutta
and Kumar (2005) etc. In other countries, studies on the
orographic effects are associated with airflow have been
addressed by Abbs & Pielke (1987); Bischoff-Gauss et al.
(1989); Leung and Ghan (1995); Lin and Chen (2002); Li
et al. (2007); Xu et al. (2008); Jourdain & Gallee (2010) etc.

In some of the above studies, the wind and stability
were assumed to be either constant with height or assumed
to be variant with height. Solutions for these studies were
essentially obtained by an anaytica method or the
numerical method. Das et al. (2013) developed a three-
dimensional mountain waves problem over the Assam-
Burma hills (ABH) are associated with idedlistic basic
flow. They obtained the asymptotic solutions using the
perturbation approach and compared with the two-
dimensional waves problem of the earlier authors.

To develop this model, here consider the same
mountain profile the Assam-Burma Hills (ABH) and
obtain the numerical solutions for the perturbation vertical
velocity (W) and stream line displacement (n) are
associated with 3-D lee wave using the perturbation
approach and the computed results have compared with
the earlier investigators Das et al. (2013).

2. Database

Asthe Assam-Burma Hills are situated in North-East
position of India, the only station to the upstream side is
Guwahati (26.19° N Latitude and 91.73° E Longitude).
The average of 0000 UTC and 1200 UTC RS/RW data of
Guwahati for those dates, which corresponds to the
observed lee waves across ABH, as reported by De (1970,
1971); Farooqui and De (1974) and Das et al. (2013), has
been obtained from the Archive of India Meteorological
Department (IMD), Pune.

3.  Methodology

In this model, an adiabatic, steady, laminar, inviscid,
non-rotating flow of a vertical unbounded, a stratified and
Boussinesg fluid across 3-D meso-scale elliptical
orographic barrier has been considered. Here, this model
has applied on the Assam-Burma Hills. The profile of the
Assam-BurmaHills (Fig. 1) isanalytically expressed as:

hy h
h(x,y)= Z + . d2)2 v 1)
1+ ? + ? 1+ a2 + bT

where, a and b are the half width of the barrier along
the zonal wind component (U) and along the meridional
component (V) respectively, h; and h, are the height of the

Fig. 1. The profile of the Assam-Burma hills

two ridges of the mountain and d be the distance of the
valley between two ridges.

We consider a co-ordinate system in which the x-axis
and the y-axis are perpendicular and parallél to the axis of
the major ridge of the barrier and the z-axis is vertically
upwards. The two components U and V of the basic flow,
are norma and parallel to the major ridge of the barrier
respectively. It is again simplified by assuming U, V and
the Buoyancy frequency (N), to be invariant with height.
Under the above assumptions, the linearized governing
eguations can be written as:

pov you_ 1oy )
OX oy Po OX

gN gy __ 1o 3)
X oy pody
U%+V_:_ia_p+£ (4)
OX oy Lo 02 6,

oL NV W )
oXx oy oz

Ua_0+V%+V\/%= (6)

oX oy dz

where, po = po (2), 00 = 0o (2) are respectively density
and potential temperature of the basic flow and u', V', W,
p', 0' are respectively the perturbation part of the zonal
wind, the meridional wind, the vertical wind, pressure and
potential temperature. Since the perturbation quantities u',
vV, W, p, 8" areal continuous functions of x, y, z. Hence,
the double Fourier integral is:

o0 00

u'(x,y, z):%j J. ii(k, 1, 2)e Yol

A

—00 —00
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where, u'(k,l,2)= I I u'(x y, 2)e ' Waxdy is
the double Fourier transformation of u' (x, y, Z). Using 2-D
Fourier transformation in the equations (2)-(6) and they
aretransformed to :

i(kU +1V ) = —ik—- @)
Po

i(kU +1V 0 = —il 2 )
Lo

. . 1 _6

KU +IVW=-—L g% 9

U +Vv=——-" v gy (©)

A A OW

ki+19)+ 2 =0 10

|(u+v)+az (10)

. ~ Adgo

|(kU+IV)49+W€:0 (11)

where, G,V,W, ﬁ,é are respectively double Fourier
transformations of u', v/, w, p, 0. Now, eliminating
a,v, f),é from the equations (7) - (11) we have:

82VAV+id'D0 6\7v+(k2+|2) N -1|w=0
02> po dz oz Uk+v1)?

(12
where, N = i% is the Buoyancy frequency.
6, dz
Now, by the substitution
%
\R,(k,l,z):{p(’(o)} W (k,1,z), the equation (12) is
po(2)
further smplified to :
0%y [N2k2+1%) 1 d?p,
oz | (Uk+W1)®  2p dz?
2
+%(dﬂj —(k2+I2) W, =0
4pg \ dz
(13)

2 2
where, the terms | -+ 9720 | gng 1 (dpo]
2p dz? 4p§ dz

in equation (13) are smaller in their magnitude than other
terms in the sgquare bracket. So, the equation (13) reduces
to:

W (o o N2 .
+1k“ +1 —-1|w, =0 14
622 ( ) (Uk+V|)2 1 ( )

If n' (X, v, 2 be the perturbation streamline
displacement, then we can write :

, on' \,on'
wix,y,z)=U—+V— 15
(xy.2)=U7 +v s (15)

Using 2-D Fourier transformation in the above
equation, then it becomes :

wik,1,z)=i(kU +1V)7

Clearly seenthat, i satisfies equation (14). Now, by

the substitution 7 (k,1,2) = Mﬁl(k,l,z) we obtain :
Pol2)
% (2.2 N2 ~
—A ke +1°)|———-1|n, =0 16
072 | ) UksviE ™ (19

The equations (14) and (16) will be solved using the
following boundary conditions:

(8 At the surface, that is lower boundary streamline
pattern follows the contour of the terrine.

(b) At the upper boundary, the mountain waves are
permitted to propagate vertically.

The general integral of the equations (14) and (16)
are [using boundary condition (b)] :

Ww(k,1,z)= Ae™ (17)
and
m(k,1,z)=Be™ (18)

where, A and B are arbitrary constants and mis given:

m? = {N—Z— } (k2 +12)

(kU +1V)?
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Clearly m may be recognized as the vertical wave
number of the vertically propagating mountain waves.
Now, at the lower boundary, that is, at the surface, the
airflow follows the contour of the mountain profile which
isgivenin Egn. (1).

In the present study, the values of a, d, h; and h, are
the same as those in De (1971) and b = 2.5a as in Dutta
(2005), as in Das et al. (2013, 2016). Therefore, we take
a=20km, b=25a d=45km, h, = 09 km and
h, = 0.7 km. Now, the 2-D Fourier transformation of the
mountain profile (1) is:

h(k,1)= 27ab(h, + h,e ™ )KO( a?k? + b2 j
[See Appendix] (19)

where, KO(\/a2k2+b2I2) is the zero-order

second kind Bessel function. Using lower boundary
condition, we have:

7'(x,y,0)=h(x,y)

Using double Fourier transformation in the above
equation, we get :

A(k,1,0)=h(k,1)

Hence,
B = 27ab(h, + h,e ™ )KO(\/aZkz b2 2)

Again, the linearized lower boundary condition for
W', the equation (15) becomes :

\N’(X, y,O) — U 677'<X’ yio) +V an'(x, y’o)
oX oy

Using double Fourier transformation in the above
equation, we have :

w(k,1,0)=i(kU +1V)7(k,1,0) (20)

Hence,

A= 2ziablh, + h,e ™ )Ko(\/azkz b2l 2]

Thus, the solutions of (14) and (16) are obtained by
putting the values of A and B respectively, we get :

W (k,1,2) = 27ablh, + he )KO(\/azkz b22 )e""z

(21)

k.1, 2) = 27ablh, + h,e )KO(\/azkz b2 ]e"“z
(22)

Using inverse Fourier transformation w;(x,y,z) can
be expressed as :

1 o0 o0 R y )
w(x,y,z)= Re? J I Wiy (k, 1, 2)e Y )glkl

—00 —00

:ﬂReT T i(ku +|V)(h1+hze_ikd)

2
—00 —00

KO(\/azkz +b2 2) el (xly+m2) e

(23)
Similarly, 7;(x,y,z) canalso be expressed as:

o 00

' 1 ~ i (ot
(%, y,z):ReF j j 7y (k.1, 2)e ) gl

—00 —00

“ B ]l e o V017

—00 —0

e—i(kX+|y+mZ)dkd|
(24

The above two equations (23) and (24) reduceto :

w(x,y,z)= pO(O)vxfl(x, y,z)=cxRe(l,) (25)

pol(2)

and

rxy.d)= 2oy = exrell,) (20

pol(2)

where, c=£ po(0)

27\ po(2)
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Figs. 2(a-d). Down-stream variation of w' along the line Uy — Vx = 0, at 1.5 km, 3 km, 6 km and 9 km above the mean sea level respectively
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Figs. 3(a-d). Down-stream variation of ' along the line Uy —Vx =0, at 1.5 km, 3 km, 6 km and 9 km above the mean sea level respectively
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Figs. 4(a-d). Contours of the perturbation vertical velocity (w') at 1.5 km, 3 km, 6 km and 9 km above the mean sealevel respectively

I, = T T i(kU +1V)(hy + hye ™)

—00 —00

KO(\/aZkZ b2 2) iy rme) g

0

1= T i(h1+h2e"kd)Ko(\/a2k2+b2I2)

ei (kx+|y+mz)dkd|

The integrals (25) and (26) are evauated
numerically, we get :

w(xy,z)=—c) > (kU + |v)K0(\/a2k2 +b?l 2)

{hy sin(kx+ 1y +mz) + h, sin(kx + ly + mz — kd )jokdl

(27)
V(v =cY Y K,(VEE BT

{hsin(ke+ly+mz)+h, sin(kc+ly+mz—kd )} 5ksl
(28)
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Figs. 5(a-d). Contours of stream line displacement (n') at 1.5 km, 3 km, 6 km and 9 km above the mean see level respectively

where, the above summations are extended between
those wave numbers determined by the maximum wave
length and the minimum wave length of the disturbance

and k=o =L

, where Lo IS the maximum wave
max

length.
4, Resaultsand discussion

The numerical computation for both the vertical
velocity (w') and streamline displacement (') are made
using equations (27) and (28) respectively, for al those
N2(k2 +12)
(Uk+W1)?
by Sarker (1965), Dutta et al. (2002) and Das et al. (2013)

waves for which (k2+|2)< . Scale analysis

exhibited that, by ignore the effects of earth’s rotation for
the basic flow consists of both the zonal wind (U) and the
meridional component (V), scale of the disturbance should
not exceed 150 km. Since the horizontal grid size in the
present study, has been taken to be 5 km. Hence, the
minimum wave length should not be less than 30 km. In
the equations (27) and (28) the summations Kk ranges
from 48k to 203k and | ranges from —206k to—43k and
45k to 205k. Where, we have been taken to avoid all those
wave number vectors (k, 1), which are inclined with the
basic flow vectors (U, V) a an angle of 90° or more, to
eliminate the critical level effect.

The down-stream variation of both w' and n' on a
horizontal plane aong the line Uy — Vx = 0 have been
shown in Figs. 2(a-d) and Figs. 3(ad) respectively, at
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1.5 km, 3 km, 6 km and 9 km above the mean sea level,
which is approximately resemble to 850 hPa, 700 hPa,
500 hPa and 300 hParespectively.

From these figures, we see that both w' and n' decay
downwind of the barrier, in qualitative conformity with
the asymptotic solutions of Das et al. (2013, 2016). But,
is no such specific rate of decay like as in the case of the
asymptotic solution [Das et al. (2013)] could be found in
the numerical case. From the expressions (27) and (28) of
w' and n' respectively, we see that there are only one
damping factor Bessel function is present, whereas in Das
et al. (2013) found two damping factors in the asymptotic
solution across the ABH.

The contours of the perturbation vertical velocity w'
and streamline displacement n' at different horizontal
planes above the mean sea level have been shown in
Figs. 4(a-d) and Figs. 5(a-d) respectively. These figures
show that, the vertical tilt of the wave field is
insignificant and the maximum updraft/downdraft regions
are no specific shaped, whereas, Das et al. (2013) have
shown that, the maximum updraft/downdraft regions are
crescent shaped in the asymptotic case across the same
mountain barrier ABH.

Das et al. (2013) found the vertical velocity (w") and
streamline displacement (') tilt upstream and spread
laterally with the vertical across the ABH. But, in the
numerical case, the spreading rate of both w' and n' are
amost the same at every level, i.e, is no spreading
laterally with the vertical across the same barrier ABH.
The dynamical cause of this situation may be due to the
presence of a divergent part in the asymptotic case and the
absence of adivergent part in the numerical case.

5. Conclusions

In this model, we have presented the numerical
solution of 3-D meso-scale lee wave across the 3-D
elliptical mountain barrier following the numerical
approach. In the sequel, we have furnished some
remarkable results. Moreover,

(i) The numerical solution for the vertical velocity (W)
and streamline displacement (') aong the line
Uy — Vx = 0 both decay down wind of the barrier. But, is
no such specific rate of decay has found across the barrier.

(i) In the horizontal plane, the contours of the vertical
velocity (w) and streamline displacement (n') have not
been seen any specific shaped across the barrier.

(iii) Both the vertica velocity (w) and streamline
displacement (n") across the 3-D mountain barrier are

upwind tilt along the line Uy — Vx = 0 and not spread
laterally with height. The spreading rate almost the same
for bothw' and ' on every level acrossthe barrier.
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Appendix

The Fourier Transform of the function h(x,y)=

Flh(x, y)|]= ]i T h(x, y)e < Waxdy

2

N

ﬁ(k,l):z T L. .

2
0 1+L+L 1+(X—d) +y2

2 b2

Q

aZ

0

R 0 o —i(loctly) ©
A(k)=ab[ | hlexz—;zdxdy+j [
Bl 1+?+F B

e—i(kX+|y)dXdy

—i(lxc+ly)
he dxdy

L (x=d)’ y?

+
a’ b?
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Putting x = aX, y = bY for the first term and x — d = aX, y = bY for the second term

k/

and use k = 5 | = for the both terms, we have
©  ® hl —I kX+|Y —i@ o —I k'X+| Y)
=ab[ | 2dXdY+abe * | j = dxdY
1+ XP+Y Jod e Xy

o i (kKX +1'Y)

A(k,1)= (mhz-'kd)_[o_[olixﬁdxw

Putting X =r cos0, Y=rsin® and k' = «k cos a, I'=« sin o we get

2z _~irxcos(6-a)

(k1) =ab(h+he )] | = —rdrde

o‘—.8

2z
Now, I et eesl0a)gg — 273 [rx] [Duttaet al. (2002)]

0

and jJO(rK)rdr:Ko(K) [Dutta et al. (2002)]
2 1412

where Jy(rx) and K,(x) are Bessel function of 1% and 2™ kind of order zero respectively.
Hence, h(k,1)=27a bh +he ™)K, (x), where x =v/a’k® + b’
Therefore, ﬁ(k, |)=2za ()I‘ll +he' ) K, (\/ a’k® +b?? )
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Papers presented in the National
Seminar
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Sri S. Ramasamy Naidu Memorial
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Conference on Translation:

Exploring the Nuances and
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Texts ...
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Reading the Nation — The Global
Perspective ...
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fee meets only partially the costs of editing formatting, uploading,
maintaining the article in the Internet and for doing repairs when
necessary. The decision to publish or not publish depends solely
on the merit and relevance of the article accepted.

¢ Every university-approved Ph.D. dissertation is charged Indian
Rupees 4500 (Indian rupees 5500 for scholars from South Asia
and others working in non-South Asian countries) and M.Phil.
Dissertation is charged Indian Rupees 3000 only (Indian rupees
4000 for scholars from South Asia and others working in non-
South Asian countries). Masters dissertations are charged Indian
rupees 2200 only (Indian rupees 3200 for scholars from South
Asia and others working in non-South Asian countries).
University-approved dissertations are not normally reviewed as
these have already been approved after review by examiners by
the universities. However, minor adjustments may be suggested
for easy readability.

¢ Every monograph (about 150-200 pages) accepted for publication
in Language in India www.languageinindia.com will be charged
Indian rupees 6000 only (Indian rupees 7000 for scholars from
South Asia and others working in non-South Asian countries). For
fees to publish the Proceedings of the Seminars and Conferences,
please contact the Managing Editor. Services offered include
editorial help, formatting and academic suggestions. High Quality
and relevance of research and appropriate research methodology,
total avoidance of plagiarism are some of our major concerns.

Remember that Language in India www.languageinindia.com is
interested in publishing articles that bring out the application of concepts
and principles to Indian languages and South Asian social sciences and
adjacent sciences, including English language teaching and writing in
India and other South Asian nations. We also welcome papers on other
languages from other nations as well, following the age-old Indian
tradition of welcoming knowledge from everywhere and to serve all. If
you've used any one particular concept, idea, or theory, etc., please write
about your experience in using these concepts, ideas, or theories, etc.,
and bring out how you, your co-workers, and your students have either
benefited or not. Also include how you modified and/or used these
concepts in your classrooms, etc. If what I say is difficult to follow,
please see some of the recent articles in Language in India
www.languageinindia.com that apply concepts to Indian and South
Asian contexts, etc. We are not interested in publishing a mere
compendium of ideas from various sources. We are interested in
publishing articles on all aspects of language structure and use.

Language in India www.languageinindia.com is an inter-disciplinary
online monthly journal. So, we also seek to publish materials on all
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Select Papers from the National
Seminar on Subaltern Literature:
Resistance and Reconstruction

Indian Writing_in English: A
Subaltern Perspective ...
Editor: Dr. T. Deivasigamani

Black Writings: A Subaltern
Perspective ...
Editor: Dr. T. Deivasigamani

o English Language, Literature &
Culture
Select Papers of the Second National
Conference on English Language,
Literature & Culture

Technology, Thottiyam, Tamilnadu,
India ...

Editor: Ms. T. Vembu, M.A., M.Phil.,
B.Ed., (Ph.D.)

Teaching of Language and Literature

... Dr. Dr. S. Jayanthi, M.A., M.Phil.,
Ph.D., Editor

Language Learning and Teaching ...
Dr. S. D. Sasi Kiran and Dr. A.
Sharada, Editors

Building A Global Village (GV)
Through Inter Dialogue ... Dr. S. D.
Sasi Kiran and Dr. A. Sharada,
Editors

Dr. A. Sharada and Dr. S. D. Sasi
Kiran, Editors

The Superhuman Character of Nature
Playing Superlative Role in William
Wordsworth’s Poems

M.A. Dissertation

Rajshahi Science and Technology
University, Natore ... Mohammad
Sultan Ferdous Bahar, M.A.

PROBLEMS IN TEACHING
ENGLISH IN SECONDARY
SCHOOLS IN NORTH TRIPURA
DISTRICT

M. Phil. Dissertation
SAVITRIBAI PHULE PUNE
UNIVERSITY ... MALAY NATH,
M.A., M.Phil.

The Speech Act of Compliment
Response as Realized by Yemeni Arabic
Speakers

Masters Dissertation

University of Kerala ... Ameen Ali
Mohammed Al-Gamal

www.languageinindia.com
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aspects of society and culture, research from adjacent sciences and
related issues from around the world.

Kindly note that once the article or dissertation etc. is published in
Language in India www.languageinindia.com, copyright rests with
Language in India and any publication of the same material in outside
source in print or in electronic format can be done only with the
permission of Language in India www.languageinindia.com.

No new materials can be added once the article is published. Please
ensure that when submitting your work, names of all authors are
included. No addition of author/s after formatting of the article is done
and sent to the author/s is allowed. Please avoid including Bibliography.
Instead, please include only a List of References of all works cited
within the text, including Internet sources. We generally follow the style
sheets of APA, MLA, Indian Linguistics, [JDL and Language. But you
need to restrict yourself to one style within your article. Standardization
has become very difficult because Indian universities are still in the
process of evolving a common style for their research publications.
Readability and easy cross reference for future research should guide our
authors in choosing an appropriate style in a consistent manner.

GUIDELINES FOR THE SUBMISSION OF ARTICLES IN
MAJOR INDIAN LANGUAGES

Language in India www.languageinindia.com publishes articles in major
Indian languages. These articles in Indian languages will be published in
the PDF format for easy accessibility.

For further guidelines or clarification, please contact the Managing
Editor: M. S. Thirumalai, Ph.D. via e-mail
languageinindiaUSA @gmail.com.

Authors of articles using Indian scripts are advised to send their articles
also in the PDF format (in addition to the Word copy) to
languageinindiaUSA @gmail.com.

Language In India is a monthly online journal devoted not only to the
study of the languages spoken in the Indian sub-continent, but also to the
study of society (history, sociology, politics, economics, etc.) in general
around the world. We wish to present the scholarly research findings on
the society and related subjects including study of languages in popular
language. Our focus is on language use in mass media, education and
administration, speech and hearing, sociolinguistic and political aspects
relating to these languages and the society in the Indian subcontinent and
elsewhere. We wish to present the linguistic descriptions,
interdisciplinary research, and current issues of importance relating to
Indian languages. Following the age-old tradition of Indian
scholarship, the pages of this journal are open to scholarly articles
on any language and society. We believe in co-operation and mutual
help to foster amity between all peoples and their languages. This
online journal publishes not only articles, but also book-length reports
and studies. We want to be a blessing to Indian and other languages,
praying for "strength for today and bright hope for tomorrow." We
sincerely believe that every language deserves our whole-hearted
support for growth and that every one can find its place in a mosaic of
unity and understanding, serving each other and singing the glory of
God.

7/20


http://www.languageinindia.com/march2018/indiansubalternperspective.html
http://www.languageinindia.com/march2018/indiansubalternperspective.html
http://www.languageinindia.com/march2018/blackwritingssubalternperspective.html
http://www.languageinindia.com/feb2018/vembuseminar2018.html
http://www.languageinindia.com/nov2017/drjayanthieditorteachingoflanguageandliterature.pdf
http://www.languageinindia.com/sep2017/globalvillagelanguagelearningteaching.html
http://www.languageinindia.com/sep2017/globalvillageculturalstudies.html
http://www.languageinindia.com/sep2017/globalvillageliterarystudies.html
http://www.languageinindia.com/aug2017/baharmastersdissertation.html
http://www.languageinindia.com/july2017/malaynathmphildissertation.html
http://www.languageinindia.com/june2017/ameenalispeechactyemeni1.html

3/18/2023

CHALLENGES FACED BY
STUDENTS IN LEARNING
ENGLISH IN GRADES 11 AND 12 IN
BANGLADESHI MADRASAHS
Masters Dissertation

London Metropolitan University ...
Muhammad Nazmul Huda Azad

Gender Conflicts as Evident in
Contemporary English Literature o ...
Editor: Dr. R. Anuja

English: Literature and Social Issues
... Editor: T. Vembu, M.A., M.Phil.,
B.Ed., (Ph.D.)

From financial literacy to financial
well being;

of women teaching faculty

in educational institutions in
Coimbatore region

Doctoral Dissertation ... S. Hephzibah
Priyadharshini, Ph.D.

the Era of Globalization: Telugu
National Seminar Proceedings
University of Hyderabad ... Editor: Dr.
Pammi Pavan Kumar

Using English Literature in Higher
Secondary EFL Classrooms in Rural
Bangladesh: Bridging the Cultures to
Facilitate EFL Learning._

MLA. Dissertation ... Mossa. Sohana
Khatun, ML A.

Washback of the Public Examination
on Teaching and

Learning English as a Foreign
Language (EFL) at

the Higher Secondary Level in
Bangladesh

Ph.D. Dissertation ... Md. Enamul
Hoque, Ph.D.

Investigating Students’ Listening and
Speaking Communication and
Perceptions through the
Implementation of Chinese Culture
Content-Based Course

Masters Dissertation ... Xingchun
Wang

NEW PERSPECTIVES IN ELT
Selected Papers from the National
Seminar on New Perspectives in ELT
Conducted by the Department of
English

Theni Kammavar Sangam College of
Technology, Theni 625534
Tamilnadu, India ...

Editors: D. Nagarathinam, Ph.D., V.
Ramkumar, Ph.D. and R. Vani, M.A.,
M.Phil.
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e Causes for the Failure of Students in
Developing Writing Skills at the HSC
Level in Bangladesh
Masters Dissertation ... Sukanto Roy,
M.A. in ELT

e Selected papers from
the National Seminar NEW VISTAS
INELT:
EMPOWERING ENGINEERS FOR
EMPLOYMENT
Conducted by the Department of
English
PSNA College of Engineering and
Technology, Dindigul-624622
Tamilnadu, India ...
Editors:
Dr. Joseph Thomas, Ph.D.
G. Vijay, M.A., M.Phil.
Mrs. Shabnam Niher, M.A., M.Phil.

e Bubhutsa
Papers on Telugu Language,
Literature and Linguistics ... Dr.
Pammi Pavan Kumar

e An Optimistic Evolution of Existence
in Saffron Dreams by Shaila Abdullah
... Rabia Ashraf, M.Phil., B.S. (Hons.)

e FICTION FOR CHILDREN AND
YOUNG ADULTS IN INDIA:
CRITICAL ESSAYS ... Dr. Shobha
Ramaswamy, M.A., B.Ed., DCE,
M.Phil., Ph.D.

e Opinion of the High School Teachers
about the Cancellation of the SSLC
Examination ... M. Raj Kumar, M.A.,
M.Ed., PG.D. Ph.D. Research Scholar

e SURVIVAL THROUGH
REDEMPTION OF SELF IN THE
SELECT NOVELS OF ALICE

WALKER ...N. R. CHARRUMATHI,
M.A.., M.Phil.,, Ph.D.

o Evil, Sin and Suffering in the Select
Novels of Graham Greene ... Suma
Aleya John, M.A., M.Phil., Ph.D.

e Images of Women in R. K. Narayan’s
The Dark Room ... C. Malathi, M.A.,
M.Phil., NET, Ph.D.

o Error Analysis and Paragraph Writing
... Ali Akbar Khansir, Ph.D.
Masomeh Ahrami, M.A.

o ENGLISH AS A SECOND
LANGUAGE -
PROFICIENCY ISSUES OF
JAFFNA STUDENTS
(Prescribed as a Text Book for
University Undergraduates).... Dr. V.
Suntharesan, Ph.D.
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Snapshot of Elementary School Thai
English Teachers' Perceived English

Teaching Efficacy, ... Barbara Best,
MA TESOL Candidate

IMPACT OF BORROWINGS FROM
ENGLISH ON JAFFNA TAMIL

(A _Text Book For University
Students) ... Dr. V. SUNTHARESAN,
Ph.D.

An Exploratory Study into Factors
Affecting Achievement in English
among Bangladeshi College Students:
An Investigation of Teachers and
Students Perceptions ... Mohammad
Mahbubur Rahman, M.A. in TESOL

The Role of Motivation in Teaching
and Learning English as a Second
Language at the Secondary Level ...
Mosha. Afroza Sultana

Teaching-Learning English Grammar
Papers Presented in the 10th
International Conference on English
Grammar, Vol. 2 ... Editor: Dr.
Vathana Fenn

Teaching-Learning English Grammar
Papers Presented in the 10th
International Conference on English
Grammar, Vol. 1 ... Editor: Dr.
Vathana Fenn

ARCHETYPES IN FANTASY
FICTION: A STUDY OF J. R.
R.TOLKIEN AND J. K. ROWLING ...
Dr. Shobha Ramaswamy, M.A.,
B.Ed., DCE, M.Phil., Ph.D.

IMPEDIMENTS IN PROMOTING
COMMUNICATIVE COMPETENCE
AMONG

STUDENTS OF ENGLISH AS A
SECOND LANGUAGE ... V.
Suntharesan, Ph.D.

Writing Problems among the Tertiary
Level Students in Bangladesh: A Study
in Chittagong Region ... Shakila
Mustaque, M.A. in English and MLA.
in ELT

A Sociolinguistic Study of Social
Stratification in Bangladesh and Its
Impact on Academic Performance in
English at Secondary Level Education
... Md. Abdur Rashid, M.A. in
English and M.A. in ELT

Sri Gidugu Venkata Ramamurti’s Life
and His Works

Papers Read in the National Seminar
to Celebrate the 150th Anniversary of
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G. V. Ramamurtigaru ... Chief Editor
Dr. Pammi Pavan Kumar

Co-editor Dr. Banala Bhujanga
Reddy

Honorary Editor Prof. S.
Saratjyotsna Rani

The Impact of Teachers’ Beliefs on L2
Grammar Teaching ... Nayyer Hassan,
M.A. TESOL, M.S. TESOL

Tribal Languages of Kerala ...
Ravi Sankar S. Nair, Ph.D.

Teaching of Adverbials to the Tamil
Speaking Learners of English ...
S. Rajendran

Drama in Indian Writing in English -
Tradition and Modernity; ...
Dr. (Mrs.) N. Velmani, Ph.D.

Representation of History in Rahi
Masoom Reza’s A Village Divided and
Amitav Ghosh’s The Glass Palace

M. Phil. Dissertation ...

Imran A.K. Surti

and Perceived Social Support among
the Pregnant Women

M. Phil. Dissertation in Clinical
Psychology ...

Mangaleshwari Manjari. N. M.Sc.,
M.Phil.

Health and Medical Care Services:
Claims on National Resources ...
Editor: C. Subburaman, Ph.D.

An Investigation into Some of the
Learning Problems in English

Community Learners in Andhra
Pradesh ...
N. Padmamma, M.Phil.

Teaching Writing Using Picture Stories
as Tools at the High School Level: The
Movement from Other Regulation to
Self Regulation ...

Y. Nirmala, M.Phil.

Current Perspectives on Education ...
Editors: P. Udayakumar, M.Sc.,
M.Phil., M.Ed., M.A., Ph.D.
Candidate

Dr. M. Lekeshmanaswamy, Ph.D.
Dr. K. Dhanalakshmi, Ph.D.

Acoustic Characteristics of Vowels in
Telugu ...
Krishna. Y.

Mother — Daughter Relationships: A
Study of The Dark Holds No Terrors,
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Difficult Daughters and Fasting,
Feasting ...
Jitender Singh, M.A., M.Phil., NET.

e Treatment of Violence: A Study of
Morrison’s The Bluest Eye and
Beloved ...

Shubhanku Kochar, M.Phil., Ph.D.
Candidate

Deficiency in Children and
Adolescents ...

Vaishali Narbheram Punjani, M.A.,
M.Phil. B.Ed.

e Michael Ondaatje’s Anil’s Ghost and
Vikram Chandra’s Sacred Games as
Detective Fiction ...

S. Sridevi, M.A., M.Phil., B.Ed.

e A Grammar of Malayalam ...
Ravi Sankar S Nair, Ph.D.

o The Evolution of Language Laws in
Post-Independence India ...
B. Mallikarjun, Ph.D.

e Impact of Commercialization on
Language with Special Reference to
Urdu Lexicon - Doctoral Dissertation
... Somana Fatimah,Ph.D.

o Status of English among the Kokborok
and Tripura Bangla Learners in
Tripura - M. Phil. Dissertation ...
Swapan Debnath, M.A., M. Phil., Ph.D.

e Communicative Language Teaching
Approach at Higher Secondary Level
in Bangladesh — Teachers’ Perceptions
and Classroom Practice ... Md. Khaled

Bin Chowdhury, M.A. (Double)

o A Study on Personality Factors
Causing Stress among School Teachers
- M. Phil. Dissertation ... C. Manjula,
M.A., M.Phil., Ph.D.

the English Classroom with
Techniques and Communication Skills
A Book on Current ELT ... Chandrika
Mohan, M.A., M.A., M.Phil., C.G.T.,
Ph.D. Candidate

e A Song for the Road- Wole Soyinka’s
Imagery and Tradition ... V. N.
Manjula, Ph.D.

e A Linguistic Survey of Katta
Varadaraju’s Dwipada Ramayanam
A Ph.D. Dissertation in Telugu ...
Pammi Pavan Kumar, M. A. (Telugu)
M.A. (Linguistics), M. Phil., Ph.D.
(Telugu)
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Causes of Secondary Students’ Failure
in Learning English in Bangladesh -
Master's Dissertation ... Mian Md.
Naushaad Kabir, M.A. ELT, Doctoral
Researcher

Select Speeches of Mrs. Indira Gandhi
English to Tamil

M. Phil. Dissertation ... J. Abiraami,
M.A., M.Phil.

Linguistics and Literature, Department
of Linguistics Silver Jubilee Volume 1
... Editors: C. Sivashanmugam, Ph.D.,
etal.

Recent Advances in Linguistics,
Department of Linguistics Silver
Jubilee Volume 2 ... Editors: C.
Sivashanmugam, Ph.D., et al.

Engineering English: A Critical
Evaluation - Ph.D. Dissertation ...
Albert P’Rayan, Ph.D.

Kalidasa's Shakuntala and the
Doctrine of Rasa ... Tripti Mund, M.A.,
M. Phil.

First Generation Learners ...
Rajakumar Guduru, M. Phil., Ph.D.
Scholar

Writing in English ... Editors: Pauline
Das, Ph.D., K. R. Vijaya Murari,
Ph.D., and Charu Sheela, M.A.,

M. Phil.,, M.B.A.

Imagery in Donne's Songs and
Sonnets ... Fatima Ali al-Khamisi,
M.A.

Parsing in Indian Languages ...
Editors: Kommaluri Vijayanand and L.
Ramamoorthy

Saudi Arabia: A Study of Learners’
Needs Analysis with Special Reference
to Community College, Najran
University ... Dr. Mohd. Mahib ur
Rahman, Ph.D.

Provision for Linguistic Diversity and
Linguistic Minorities in India ...
Vanishree V.M., MAPL and ELT, M. A.,
PGDHRM.

Impact of Students' Attitudes on their
Achievement in English: A Study in
the Yemeni Context ... Hassan Saeed
Awadh Ba-Udhan
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e A Study of B.ED. Students' Attitude
Towards Using Internet in Vellore
District, Tamilnadu, India ... T.
Pushpanathan, M.A., M.Phil., B.Ed.

e Development of a Hindi to Punjabi
Machine Translation System, A
Doctoral Dissertation ... Vishal Goyal,
Ph.D.

o A Report on the State of Urdu Literacy,
in India, 2010 ... Omar Khalidi, Ph.D.

e English for Medical Students of
Hodeidah University, Yemen - A Pre-
sessional Course ...

Arif Ahmed Mohammed Hassan Al-
Ahdal, Ph.D. Scholar

e Global Perspective of Teaching
English Literature in Higher
Education in Pakistan ...

Rabiah Rustam, M.S., Ph.D. Candidate

o Improving Chemmozhi Learning and
Teaching - Descriptive Studies in
Classical-Modern Tamil Grammar ...
A. Boologa Rambai, Ph.D.

o A Phonetic and Phonological Study of
the Consonants of English and Arabic
... Abdulghani A. Al-Hattami, Ph.D.
Candidate

e Some Aspects of Teaching-Learning
English as a Second Language ...
R. Krishnaveni, M.A., M.Sc., M.Phil.,
Ph.D. Candidate

Grammar (L1) on the English
Language (L2) Writing of Tamil
School Students: A Case Study from
Malaysia ...

Mahendran Maniam, Ph.D. (ESL)

e Economics of Crime : A Comparative
Analysis of the Socio-Economic
Conditions of Convicted Female and
Male Criminality In Selected Prisons
in Tamil Nadu... S. Santhanalakshmi,
Ph.D.

Study of the Techniques in Dante's
Paradiso ...
Raji Narasimhan, M.A.

e A Critical Study of The Wasteland -
Poetry as Metaphor ... K. R. Vijaya,
M.A., M.Phil.

o Language and Literature: An
Exposition - Papers Presented in the
Karunya University National

www.languageinindia.com 14/20


http://www.languageinindia.com/nov2010/pushpanathanthesis.html
http://www.languageinindia.com/oct2010/vishalthesis.html
http://www.languageinindia.com/oct2010/urdureportomar.html
http://www.languageinindia.com/oct2010/arifmasters.html
http://www.languageinindia.com/june2010/rabiathesis.html
http://www.languageinindia.com/june2010/rambaistudies.html
http://www.languageinindia.com/may2010/abdulghanithesis2.html
http://www.languageinindia.com/may2010/krishnavenibook1.html
http://www.languageinindia.com/april2010/mahendrandissertation.html
http://www.languageinindia.com/april2010/santhanalakshmidoctoral.html
http://www.languageinindia.com/april2010/rajivoyagetechnique.html
http://www.languageinindia.com/feb2010/vijayawastelandmetaphor.html
http://www.languageinindia.com/jan2010/karunya.html

3/18/2023 Language in India

Seminar... Editor: J. Sundar Singh,
Ph.D.

o Linguistic Purism and Language
Planning in a Multilingual Context ...
L. Ramamoorthy, Ph.D.

e Papers Presented in the All-India
Conference on Multimedia Enhanced
Language Teaching - MELT 2009 ...
L. Ramamoorthy, Ph.D. and J.R.
Nirmala, Ph.D.

Western Orissa - A Doctoral
Dissertation ... Arun K. Behera, Ph.D.

e Phonological Analysis of English
Phonotactics of Syllable Initial and
Final Consonant Clusters by Yemeni
Speakers of English ... Abdulghani. M.

A. Al-Shuaibi, M.A.

Nair's Ladies' Coupé ... V. Chandra,
M.A.

o The Literary Value of the Book of
Isaiah ... Helen Unius Backiavathy,
M.A., M.Phil., Ph.D. Candidate

o A Study of Structural Duplication in
Tamil and Telugu - A Doctoral
Dissertation ... Parimalagantham,
Ph.D.

o The Politics of Survival in the Novels
of Margaret Atwood ... Pauline Das,
Ph.D.

o Nonverbal Communication in Tamil
Novels - A Book in Tamil... M. S.
Thirumalai, Ph.D.

Girish Karnad as a Modern Indian
Dramatist - A Study... B. Reena, M. A.,
M. Phil.

o A Study of English Loan Words in
Selected Bahasa Melayu Newspaper
Articles...

Shamimah Binti Haja Mohideen,
M.HSc. (TESL)

o The Internal Landscape and the
Appachana's Novel LISTENING
NOW, A Doctoral Dissertation ...

M. Poonkodi, Ph.D.

o Trade in the Madras Presidency, 1941 -
1947 - A Doctoral Dissertation ...
R. Jayasurya, Ph.D.

o Trends and Spatial Patterns of Crime
in India - A Case Study of a District in

www.languageinindia.com 15/20



http://www.languageinindia.com/jan2010/karunya.html
http://www.languageinindia.com/jan2010/ramamoorthypurismbook.html
http://www.languageinindia.com/nov2009/finalmelt2009.html
http://www.languageinindia.com/nov2009/beherathesis.html
http://www.languageinindia.com/nov2009/ganithesis.html
http://www.languageinindia.com/oct2009/chandradissertation.html
http://www.languageinindia.com/oct2009/isaiahliterary.html
http://www.languageinindia.com/aug2009/parimalathesis.html
http://www.languageinindia.com/june2009/paulinedissertation.html
http://www.languageinindia.com/may2009/nonverbaltamil.html
http://www.languageinindia.com/april2009/reenagirish.html
http://www.languageinindia.com/april2009/shamimahdissertation.html
http://www.languageinindia.com/march2009/poonkodiphd.html
http://www.languageinindia.com/jan2009/jayasuryadissertation.html
http://www.languageinindia.com/dec2008/jayamalaphddissertation.html

3/18/2023 Language in India

India...
M. Jayamala, Ph.D.

o The Trading Community in Early
Tamil Society Up To 900 AD ...
R. Jeyasurya, M.A., M. Phil., Ph.D.

o A Study of Auxiliaries in the Old and
the Middle Tamil... A.Boologarambai,
M.A., Ph.D.

e History of Growth and Reforms of
British Military Administration in
India, 1848-1949 ...

Hemalatha, M.A., M. Phil.

Based on Malayalam Broadcasts - A
Doctoral Dissertation
... K. Parameswaran, Ph.D.

o Form and Function of Disorders in
Verbal Narratives - A Doctoral
Dissertation ...

Kandala Srinivasacharya, Ph.D.

o Status Marking in Tamil - A Ph.D.
Dissertation
«.. P Perumalsamy, Ph.D.

e LANGUAGE AND POWER IN
COMMUNICATION... Editors:
Jennifer M. Bayer, Ph.D., and Pushpa
Pai, Ph.D.

e Onomatopoeia in Tamil ...
V. Gnanasundaram, Ph.D.

e Linguistics and Literature ...
C.Shunmugom, Ph.D., and C.
Sivashanmugam, Ph.D., V. Thayalan,
Ph.D. and C. Sivakumar, Ph.D.
(Editors)

o Translation: New Dimensions ...
C. Shunmugom, Ph.D., and C.
Sivashanmugam, Ph.D., Editors

e Language of Headlines in Kannada
Dailies ...
M. N. Leelavathi, Ph.D.

e Cooperative Learning Incorporating
Computer-Mediated Communication:

Learning Outcomes in a Deaf
Education Classroom ...
Michelle Pandian, M.S.

o The Effects of Age on the Ability to
Learn English As a Second Language
... Mariam Dadabhai, B.A. Hons.

e ASTUDY OF THE SKILLS OF
READING COMPREHENSION IN
ENGLISH DEVELOPED BY
STUDENTS OF STANDARD IX IN

www.languageinindia.com 16/20



http://www.languageinindia.com/dec2008/jayamalaphddissertation.html
http://www.languageinindia.com/nov2008/jeyasuryamphil.html
http://www.languageinindia.com/nov2008/rambaiphdthesis.html
http://www.languageinindia.com/sep2008/hemalathabritishadmn.html
http://www.languageinindia.com/sep2008/parameswaranphd.html
http://www.languageinindia.com/july2008/srinivasdissertation.html
http://www.languageinindia.com/june2008/perumalsamydissertation.html
http://www.languageinindia.com/may2008/langpowerbayer.html
http://www.languageinindia.com/feb2008/vgbook.html
http://www.languageinindia.com/jan2008/langandlitbharathiaruniv.html
http://www.languageinindia.com/nov2007/translationbookbharathiaruniv.html
http://www.languageinindia.com/oct2007/leelavathidissertation.html
http://www.languageinindia.com/aug2007/deafcommunication.html
http://www.languageinindia.com/june2007/mariamdissertation.html
http://www.languageinindia.com/may2006/joycilindissertation.html

3/18/2023 Language in India

THE SCHOOLS IN TUTICORIN
DISTRICT, TAMILNADU ...
A. Joycilin Shermila, Ph.D.

e A Socio-Pragmatic Comparative Study
of Ostensible Invitations in English
and Farsi ...

Mohammad Ali Salmani-Nodoushan,
Ph.D.

o TEXT FAMILIARITY, READING
TASKS, AND ESP TEST
PERFORMANCE: A STUDY ON
IRANIAN LEP AND NON-LEP
UNIVERSITY STUDENTS - A
DOCTORAL DISSERTATION ...
Mohammad Ali Salmani-Nodoushan,
Ph.D.

e ASTUDY ON THE LEARNING
PROCESS OF ENGLISH
BY HIGHER SECONDARY
STUDENTS
WITH SPECIAL REFERENCE TO
DHARMAPURI DISTRICT IN
TAMILNADU
K. Chidambaram, Ph.D.

o SPEAKING STRATEGIES TO
OVERCOME COMMUNICATION
DIFFICULTIES IN THE TARGET
LANGUAGE SITUATION -
BANGLADESHIS IN NEW
ZEALAND ... Harunur Rashid Khan

e THE PROBLEMS IN LEARNING
MODAL AUXILIARY VERBS IN
ENGLISH AT HIGH SCHOOL
LEVEL ...

Chandra Bose, Ph.D. Candidate

e THE ROLE OF VISION IN
LANGUAGE LEARNING in Children
with Moderate to Severe Disabilities ...
Martha Louise Low, Ph.D.

e SANSKRIT TO ENGLISH
TRANSLATOR ...
S. Aparna, M.Sc.

e ALINGUISTIC STUDY OF
ENGLISH LANGUAGE
CURRICULUM AT THE
SECONDARY LEVEL IN
BANGLADESH - A
COMMUNICATIVE APPROACH TO
CURRICULUM DEVELOPMENT ...
Kamrul Hasan, Ph.D.

o COMMUNICATION VIA EYE AND
FACE in Indian Contexts... M. §S.
Thirumalai, Ph.D.

o COMMUNICATION VIA GESTURE -
Indian Contexts... M. S. Thirumalai,
Ph.D.

www.languageinindia.com 17/20


http://www.languageinindia.com/may2006/joycilindissertation.html
http://www.languageinindia.com/feb2006/muhammadalithesis.html
http://www.languageinindia.com/jan2006/mohammadaliphd.html
http://www.languageinindia.com/dec2005/chidambaramthesis1.html
http://www.languageinindia.com/dec2005/harun1.html
http://www.languageinindia.com/nov2005/chandrabose1.html
http://www.languageinindia.com/april2005/marthalowdissertation1.html
http://www.languageinindia.com/jan2005/aparnasanskritdissertation1.html
http://www.languageinindia.com/aug2004/hasandissertation1.html
http://www.languageinindia.com/july2004/eyeandface1.html
http://www.languageinindia.com/dec2003/gesture.html

3/18/2023 Language in India

o CIEFL Occasional Papers in
Linguistics, Vol. 10

Disorder - Some Classic Positions...
M. S. Thirumalai, Ph.D.

o English in India: Loyalty and Attitudes
by Annika Hohenthal

e Language In Science ...
M. S. Thirumalai, Ph.D.

o Vocabulary Education ...
B. Mallikarjun, Ph.D.

o A Contrastive Analysis of Hindi and
Malayalam ...
V. Geethakumary, Ph.D.

o Language of Advertisements in Tamil
Mass Media ...
Sandhya Nayak, Ph.D.

o An Introduction to TESOL: Teaching
English to Speakers of Other
Languages ...

M. S. Thirumalai, Ph.D.

into Indexing Language: Kannada - A
Case Study, ...
B. A. Sharada, Ph.D.

e How to Learn Another Language?...
M.S.Thirumalai, Ph.D.

o Verbal Communication with CP
Children ... Shyamala Chengappa,
Ph.D. and M.S. Thirumalai, Ph.D.

- Language Planning in the British Raj

Ranjit Singh Rangila,
M. S. Thirumalai,
and B. Mallikarjun

REFERENCE MATERIAL

e National Education Policy 2020

e Some Inputs for Draft National
Education Policy 2016
Ministry of Human Resource
Development
Government of India

o Tamilnadu State Policy for Children,
Government of Tamilnadu

e CENSUS OF INDIA 2011 General
Data

www.languageinindia.com 18/20


http://www.languageinindia.com/nov2003/ciefl10.html
http://www.languageinindia.com/oct2003/langacquisition.html
http://www.languageinindia.com/may2003/annika.html
http://www.languageinindia.com/jan2003/languageinscience.html
http://www.languageinindia.com/nov2002/vocabulary.html
http://www.languageinindia.com/sep2002/chap1.html
http://www.languageinindia.com/may2002/sandhyathesis.html
http://www.languageinindia.com/april2002/tesolbook.html
http://www.languageinindia.com/march2002/sharadachapter1.html
http://www.languageinindia.com/jan2002/howlang.html
http://www.languageinindia.com/sep2001/cpbook.html
http://www.languageinindia.com/oct2001/punjab1.html
http://www.languageinindia.com/oct2020/NEP_Final_English_0.pdf
http://www.languageinindia.com/oct2016/Inputs_Draft_NEP_2016_1.pdf
http://www.languageinindia.com/dec2021/TNStateChildPolicy2021_English.pdf
http://www.languageinindia.com/feb2014/censusofindia2011data.pdf

3/18/2023 Language in India

e CENSUS OF INDIA 2011 DATA ON
DISABILITY

o Action Plan of Centre for Classical
Kannada

e The Gujral Committee Report on Urdu

e UNIVERSAL DECLARATION OF
LINGUISTIC RIGHTS

e Lord Macaulay:
The Man Who Started It All and His
Minute

o Strangers In Their Own Land:
Campbell's Defense of Indian
Yernaculars

the 1961 Census

o The Constitution of India: Provisions
Relating to Languages

Amended 1967)
BACK ISSUES

e FROM MARCH 2001

o E-mail your articles and book-length
reports to
languageinindiaUSA@gmail.com.

o Your articles and book-length reports
should be written following the MLA,
APA, LSA, or IJDL Stylesheet.

o The Editorial Board has the right to
accept, reject, or suggest modifications
to the articles submitted for
publication, and to make suitable
stylistic adjustments. High quality,
academic integrity, ethics and morals
are expected from the authors and
discussants.

o Would you like to announce the dates
and venues of your conferences,
seminars, etc., and also publish the
outline proceedings of these programs?
Send a report to Language in India.

Copyright © 2022
M. S. Thirumalai

Publisher: M. S. Thirumalai, Ph.D.
11249 Oregon Circle
Bloomington, MN 55438
USA
languageinindiaUSA@gmail.com

www.languageinindia.com 19/20


http://www.languageinindia.com/jan2014/disabilityinindia2011data.pdf
http://www.languageinindia.com/dec2012/classicalkannadainstitute.pdf
http://www.languageinindia.com/jan2009/gujralreport.html
http://www.languageinindia.com/nov2004/universaldeclarationlinguisticrights1.html
http://www.languageinindia.com/april2003/macaulay.html
http://www.languageinindia.com/jan2004/campbell.html
http://www.languageinindia.com/nov2001/1991Languages.html
http://www.languageinindia.com/aug2002/indianmothertongues1961aug2002.html
http://www.languageinindia.com/april2002/constitutionofindia.html
http://www.languageinindia.com/april2002/officiallanguagesact.html
http://www.languageinindia.com/backissues/2001.html
mailto:languageinindiaUSA@gmail.com

3/18/2023 Language in India

www.languageinindia.com 20/20



Dr. Chiranjit

Pal




BCSIR

Available online at Www.banglaj ol.info BANGLADESH JOURNAL
Bangladesh J. i. Ind. Res. 57(3), 163-172, 2022 OF SCIENTIFIC AND
INDUSTRIAL RESEARCH

E-mail: bjsir07@gmail.com

Effect of substitution of methanatoboron difluoride derivatives on non-covalent
interactions with tetraphenylporphyrin

C. Pal

Department of Chemistry, Ramananda College, Bishnupur, Bankura, 722122

Received: 09 June 2022

Abstract

Tetraphenylporphyrin (TPP) forms non-covalent supra-molecular complexes with methanatoboron
difluoride (MBDF) derivatives in dichloromethane. The photo-chemical properties of the associa-
tion equilibrium of free TPP and MBDFs with the respective supra-molecular complexes were
investigated in the ground state. There is formation of isosbestic points which had been taken as
proof of the existence of equilibrium between the absorbing species. Monte Carlo simulation and
Density functional theory calculation established the experimental results of non-covalent interac-
tions in terms of loss of planarity and frontier molecular orbital calculations defines the electron
donor and acceptor. The direction of electron flow is confirmed by the electrochemical indices. The
electron rich substituent in MBDF favours the non-covalent binding ability between TPP and
MBDF. Both H-bonding and charge transfer interactions are primarily responsible in stabilising
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these complexes.

DOI: https://doi.org/10.3329/bjsir.v57i3.62018

Keyword: Methanatoboron difluoride; Tetraphenylporphyrin; Density functional theory;
Electrochemical indices; |sosbestic point; Non-covalent interaction

Introduction

Porphyrins and their derivatives have been extensively
studied for numerous applications due to their exceptional
electrochemical and photo-physical properties. The macrocy-
cle of porphyrin is one of the most extravagantly explored
because of their importance in photochemistry, photosensiti-
zation (Kayanasundaram et al., 1987), biochemistry,
biomedical (Chen et al., 2021) and catalysis (Ni et al., 1987).
Synthetic porphyrins also have received substantial attention
due to their usefulness in light harvesting materials for the
construction of photovoltaic cells (Yeo et al., 2017; Loewe et
al., 2002). Though, non-covalent interactions are quite weak
but multiple intermolecul ar interactions cooperate in binding
to form stable complexes (Mulder et al., 2004; Badji¢ et al.,
2005; Pal et al., 2016). Supramolecular architectures of
porphyrins and their derivatives can be prepared by self-as-
sembly based on non-covalent interaction and molecular

recognition (Wu et al., 2021; Villari et al., 2012; Drain et al.,
2009; Chaudhuri et al., 2010).

The supramolecular interactions between porphyrin and
neutral m-acceptors have been studied for years. In recent
times the chemistry of porphyrin-metal complexes is of
great interest (Brothers, 2000; Brothers, 2001; Kadish,
2011). Theinteraction of free base porphyrinswith halogen
substituted borane has been the topic of attention (Belcher
etal., 1994; Mohgjer et al., 2004; Brothers, 2008; Pal et al.,
2017). It has been revealed that the reaction of free base
meso-tetraphenylporphyrin (TPP) with BF,.Et,0O (boron
trifluoride diethyl etherate) in wet chlorobenzene yielded a
boronated adduct and in this compound two adjacent
pyrrole nitrogens are bonded to each B atom with loss of
-NH proton (Belcher et al., 1994).

*Corresponding author e-mail: chiranjitpal2010@gmail.com
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The H-bond formation between fluorine of BF, and -NH
protons of porphyrin was also confirmed by Mohajer et
al., 2004 in the adduct of BF, and free base porphyrin. In
the complex of methanatoboron difluoride (MBDF) and
Cu-phthalocyanine non-covalent electrostatic interaction
was confirmed by our group (Pal et al., 2017).

In this communication the effect of substituents at meth-
anatoboron difluoride moiety on the non-covalent supra-
molecular interaction between tetraphenylporphyrin and
MBDF derivatives (Fig. 1) in ground state have been
photo-physically investigated. Spectroscopic investiga-
tion of the adducts has been executed and well supported
by Monte Carlo simulation and density functional theory
(DFT) based computation via reactivity indices and
frontier molecular orbital (FMO) descriptors. Our group
had previously studied the effect of substituents at
porphyrin moiety in TPP and MBDF supramolecular
interaction (Pal et al., 2016). The study of the effect of
substitution at MBDF moiety enriches the exploration of
supramolecular interaction between TPP and MBDF. The
trend in equilibrium constant by varying substituent in
both the moieties firmly establishes the interaction type
viz., charge transfer and H-bonding as well. The need for
global minima search among several local minima is
accomplished here by Monte Carlo simulation which
lacks in our former study. As compared to our previous
study the use electrochemical indices plays vital rolein
establishing the direction of charge flow in this work
and may be used as a tool for studying these types of
interactions.

Materials and methods

Dichloromethane was used as solvent of spectroscopic
grade from Merck, India. According to the reported
techniques the three methanatoboron difluorides (Zhang
et al., 2006) and tetraphenylporphyrin (Adler et al. 1967)
used were synthesized. In all the spectral measurements
the concentration of MBDFs and TPP were taken in the
range 10 and 10°¢ M respectively.

Shimadzu UV 1800 series PC spectrophotometer fitted
with an electronic temperature controller unit (TCC/240
A) was used for absorption (UV/Vis) spectral measure-
ments. The steady state fluorescence spectra were
reported with a temperature controlled Hitachi F-7000
spectrofluorometer. Constant temperature bath (Heto
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Holten, Denmark) was used to control the temperature
within £ 0.1 K.

Using Spartan’ 14 molecular modelling software of Wave-
function, Inc., USA the computer simulations were
executed. Merck molecular force-field calculations were
implemented by using the Monte Carlo simulation to
search global minima for all the optimized adducts.
Gaussian 09 (Linux), Gaussian, Inc. (USA), software was
used for the DFT calculations. MPW1PW91/6-31G func-
tional was used to calculate the single point geometries
and FMOs for all the free systems and their adducts.

Results and discussion
Ground state interactions

All the MBDF derivatives exhibit a strong one photon
absorption (g > 20,000 Mt cm?) in the 350 nm - 450 nm
range in dichloromethane. This corresponding band is due
to m—n* transition and the band is somewhat narrow (50
nm — 75 nm at half-width). Only monomeric species of
MBDFs are present in this working concentration range
around 15 pM. This is due to the fact that the absorption
changes linearly with change in concentration without
any variation in spectrum. Interaction of substituted
MBDF systems to the electron rich porphyrin (TPP) was
examined by visible absorption spectroscopy. Three
solutions of the MBDFs (MBDF2, MBDF4 and MBDF5)
were titrated separately with a stock solution of TPP in
dichloromethane medium. Fig. 2 shows appearance of an
isosbestic point for all the MBDF systems and intensity of
maximum absorption of MBDFs reduced by addition of
the solution of TPP. Table | described the isosbestic points
in diverse regions of the spectra on interaction of TPP
with MBDF2, MBDF4 and MBDF5 in dichloromethane.
Formation of isosbestic point is proof of the existence of
equilibrium between two absorbing species (Hemdan et
al., 2019). Thus, in the ground state all the MBDFs inter-
acts with TPP and form stable equilibrium with the
respective adduct in dichloromethane. In Fig. 2, on the
shorter wave length side of all the isosbestic points the
peaks are corresponding to the strong S, to S, absorption
of MBDFs and on addition of TPP in the solution of
MBDF the intensity of maximum absorption diminishes
drastically. And on the other side of the isosbestic point
the peaks arises due to the formation of adduct of MBDF
and TPP. The electron density could swing from the
electron rich TPPto the electron deficient MBDFs and the
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Fig. 1. Structures of the compounds used
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Fig. 2. Absor ption spectra dueto interaction of (a) MBDF2 (15.9 uM) (b) MBDF4 (15.6 uM) (c) MBDF5 (15.2 pM)
with TPP (concentration wasvaried from 0.0 uM to 1.23 uM) in dichloromethane medium. I soshestic points
are shown within thecircle
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F-atoms of MBDFs can take part in H-bonding with
pyrrolic N-H protons of the porphyrin. Thus, this may be
of electron donor-acceptor, m-stacking and H-bonding
type interaction. These interactions are well explored and
supported by theoretical calculationsin theoretical analysis
section.

Determination of equilibrium constants

Benesi—Hildebrand equation (Benesi et al., 1949) of the form
(eg. 1) was used to determine the equilibrium constant reported
in Table | corresponding to TPP/MBDF interaction in ground
state

11 1
d~ ¢[MBDH, © K{z[MBDH,}[TPP] (1)

where [TPP] is the concentration of the TPP and [MBDF] is
of the MBDF solution respectively, d is the absorbance of the
newly formed complex andd =[d_ - d} .- d%.], whered
d?, ;o @nd d, are the absorbance of the TPP/MBDF mixture,
the respective methanatoboron difluoride solution and the
TPP solution at the same molar concentration present in the
mixture at the same wavelength against solvent as reference.
The molar absorptivity € is that of the complex and K is the
equilibrium constant of the complex. The Benesi—Hildebrand

(Benesi et al., 1949) method is an adequate approximation

120

(1id)

o - i - i

1 :
e e] 0G0 L ] SO0
1[TPP] dm’ moal '

T
plia )

-]

Fig. 3. BH plot of TPP/MBDF2 interacting system in
methylene chloride
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and it gives sensible values for equilibrium constant (K), has
been exploited many measurements. 1:1 molecular complex
formation between the TPPIMBDF was recognized by the
linear BH plot at Fig. 3. Pearson's correlation coefficient and
coefficient of determination (R-sguare) are 0.99461 and
0.98772 respectively, indicates a good quality fit. Linear
regression was used to get the intercept and the slope.

The complex formation between TPP and MBDF4 is the
most proficient as compared to the other interacting systems
in the ground state and the equilibrium constant has the order
KTPP/MBDF4 > I<TF’P/MBDF2 > KTPP/MBDFS' The non'COVaIent
H-bonding interaction between the F atom of MBDF and
N-H atom of TPP is the strongest in case of TPP/MBDF4
system. The electron density at MBDF ring increases drasti-
cally dueto the +R effect of the thiophenyl group in MBDF4
which facilities strongest interaction among the others. On
the other hand, the naphthyl substituted MBDF5 has the
lowest binding constant due to predominant steric effect of

the naphthyl group.
Theoretical analysis

Monte Carlo conformational search protocol (Chang et al.,
1989; Kong et al., 2000) was used for these complexes.
Density based geometry optimization calculations of the
adduct structures are mostly used for studying weak inter-
molecular interactions such as CT, van der Waal's, H-bond-
ing, and hydrophobic interactions (Cantrill et al., 2000;
Bhasikuttan et al., 2007). It is well known that all the
optimization methods employing quantum and semi
classical calculations find the local minima or transition
structures near to the starting structure. However, DFT
based calculations have disadvantages related to the best
choice of functional for the system of interest. Many DFT
methods provide poor result for weakly-bound intermol ec-
ular complexes and hydrogen bonded systems (Sholl and
Steckel 2011). The conformational analysisis done for the
global minimum among several local minima and energy
barriers. Monte Carlo protocol (Chang et al., 1989) is a
well-established tool for conformational global minima
searching of weakly-bonded adducts and were implement-
ed here based on force-field molecular mechanics (Kong
et al., 2000), accessible in the Spartan 14 package. Confor-
mational analysis and structural optimization of these
complexes were accomplished by molecular mechanics
Monte Carlo simulation and the single point energy calcu-
lations were performed by using MPW1PW91/6-31G
level of DFT. Fig. 4 presents optimised geometries of the
three complexes.
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Fig. 4. Orientation of the adduct of (a) TPP/MBDF2 (b) TPP/MBDF5 (c) TPP/MBDF4 (d)
TPP/MBDF4 (Zoom in view) interacting systems in optimized ground state geometry showing
the interatomic distancesin A

Tablel. Isoshestic point appeared on interaction of TPP with MBDFs and the ground state equilibrium constants
for the corresponding three complexes

System Absorption isoshestic point at Ground state equilibrium

wavelength (nm) constant (K) x 107°
TPP/IMBDF2 400.3 8.21
TPP/IMBDF4 432.4 27.1

TPP/IMBDF5 425.6 3.2
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Tablell. Parameters of the optimized ground state geometry of the adducts

| Andies H bon‘z;)i stance distance (A) of H atom o
System V\’/\ilt-:prlna?:)(l)f B-F moiety with i Mol Wi ihe
porphyrin ring methangto ring N-H* N-H? P POTPYIRTING
TPP/MBDF2 12.51° 33.23° 2.228 2.237 0.561
TPP/MBDF4 13.15° 34.19° 2.229 2.241 0.640
TPP/MBDF5 11.60° 32.89° 2.249 2.258 0.554

Tablelll. HOMO-LUMO energy parameters (electrochemical indices) of the molecules

Electronic Globa Global
chemical electrophilicity nucleophilicity
Moiety Potential (1) index (o) index (N)
(eVv) (eVv) (eVv)
TPP -3.56 231 4,55
MBDF2 -5.10 3.34 2.44
MBDF4 -5.10 3.54 2.54
MBDF5 -4.83 3.45 2.97

Thereis a possibility of hydrogen bonding between the N-H
protons of porphyrin moiety and B-F fluorine of MBDFs
whichisin close proximity to each other. In the free State the
N-H protons are in a same plane with the porphyrin core. But
in the complex the N-H protons go out of plane towards the
F-atom of MBDFs which is adjacent to the porphyrin core
and iswith in H-bonding distance. Whereas the -O-(BF,)-O-
group also goes out of plane towards the pyrrolic proton (Fig.
4a) which was in plane with the methanato group before
adduct formation. Table Il illustrates the amount of deviation
from the planes of the said groups and the deviation if highest
in case of MBDF4 due to better H-bonding interaction. All
the different substituents of MBDF increases el ectron density
at MBDF ring but the +R effect of thiophenyl group in
MBDF4 is most effective than the +| effect of phenyl and

naphthyl group. Due to the greater electron density the
F-atom of -O-(BF,)-O- group becomes more negatively
charged thus facilitates better electrostatic interaction with
the N-H protons of TPP. The H-bonding interaction isnot in
agreement with the experimental trend of equilibrium
constants. The reason for that is not only the hydrogen bond-
ing but the donor to acceptor charge transfer is primarily
responsible for stability of these complexes. Thiophenyl
group is more electron rich as compared to the phenyl group
that facilitates better charge transfer in TPP/MBDF4
complex. The charge transfer is least in case of MBDF5 due
the steric effect of naphthyl group. When the donor molecule
arranges itself parallel to the m-belt region of the acceptor
molecule only then acceptor should interact strongly with the
donor molecule. The molecular orbitals of donor and accep-



tor molecules can overlap effectively when they are able to
approach quite close to each other without much steric
hindrance. Both electron donor acceptor (EDA) charge trans-
fer interaction and the hydrogen bonding contribute amply in
the stability of these complexes. TPPIMBDF4 complex is
favoured by both these interactions and evidently has the
highest observed equilibrium constant.

Electronic chemical potential (n), electrophilicity index (®)
and nucleophilicity index (N) of the individual isolated mole-
cules has been calculated and displayed in Table IIl. The
electronic chemical potential (1) isthe index to determine the
direction of the electronic flux during the charge transfer
within the system in its ground state (Pérez et al., 2003).
Higher electronic chemical potential (l) of TPP than MBDF
derivatives indicates that charge transfer occurs from TPP to
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MBDFs. The global electrophilicity index (w) (Pérez et al.,
2003; Chattargj et al., 2006) measures the stabilization in
energy when the system acquires an additional electronic
charge (AN) from the environment. Those molecules are
considered as strong electrophiles for which @ > 1.5 eV.
Electrophilicity indexes (w) of MBDF derivatives are way
better than 1.5 eV. Thus, they serve as good acceptor during
charge transfer interaction with TPP. The global nucleop-
hilicity (N) index (Domingo et al., 2008) value of TPPis4.55
eV. N > 3.0 eV are said to be strong nucleophiles and thus
TPP acts as adonor during charge transfer.

Frontier molecular orbital interactions

The supramolecular interaction is appropriately understood
by analyzing the interaction between the frontier molecular

Occupied molecular orbital

Unoccupied molecular orbital

(HOMO)

(HOMO -1)

(LUMO)

Fig. 5. Frontier molecular orbital picturesof TPP/MBDF2 interacting system
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orbitals (HOMO and LUMO) of the two interacting moie-
ties in the adducts such as the donor and the acceptor.
MPW1PW91/6-31G level of density functional theory was
employed to study the HOMO-LUMO interactions. Fig. 5
illustrates that the HOM O of the complexes resides primar-
ily on TPPwhile LUMO islocated on the acceptor MBDF2
moiety, mostly. This has reasonably substantiated the
direction of electron flow in the EDA (electron donor
acceptor) complex with the electron rich TPP and electron
deficient MBDFs. Hence, the frontier molecular orbital
picture illustrates a pictorial description of charge transfer
interaction which occurs between haloborane MBDF and
free base TPP.

Conclusion

Substitutions in MBDF moiety affect the binding ability
with TPP significantly. All the three MBDFs form stable
absorption isoshestic on titrating with TPP. DFT based
geometry optimization and conformational analysis,
frontier molecular orbital calculation and electrochemical
indices well justifies the experimental finding of forma-
tion of ground state equilibrium. Hydrogen bonding,
charge transfer and steric congestion effectively determine
the binding ability as evident from the fact that the
electron rich substituent in MBDF with less steric conges-
tion favours the binding between TPP and MBDF and has
the highest equilibrium constant.
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Controlling out-of-equilibrium
systems with light, sound, and
chemical inputs

Programming chemical logic
systems to execute
spatiotemporal functions

Generation of repetitive
spatiotemporal patterns

Programmahble motion
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Peptide ¥ i o Peplide functions such as guiding a cargo

Execution of complex mechanical

through a maze

Binary-logic-based information processing in controlling out-of-equilibrium
chemical systems to control and execute complex and transient biomimicking
functions remains elusive. Herein, we designed out-of-equilibrium chemical
systems, which can be controlled through the concerted participation of various
physical (light and audible sound) and chemical (oxygen and pH) stimuli. These
systems process the information obtained from various external inputs following
the rules of Boolean logic, which ultimately leads to a programmed spatiotemporal
function such as pattern formation and transporting a cargo through a maze.
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Out-of-equilibrium chemical logic systems: Light-
and sound-controlled programmable spatiotemporal

patterns and mechanical functions

Seoyeon Choi,” Rahul Dev Mukhopadhyay,** Shovan Kumar Sen," Ilha Hwang,’

and Kimoon Kim1.2.3.5*

SUMMARY

Living systems at different scales function through the sensing of
multiple external signal inputs, which are further processed based
on binary or more complicated computational models and net-
works. Inspired by such behavior, here, we show that the informa-
tion processing in out-of-equilibrium chemical systems utilizing bi-
nary Boolean logic can be exploited to obtain transient functions
such as spatiotemporally controlled chemical gradients and pat-
terns in response to specific combination of multiple physical or
chemical inputs (light, audible sound, and O5). We further explore
systems that are able to execute highly complicated functions
such as guiding a cargo through a maze by processing the informa-
tion from multiple external stimuli. Our approach of integrating and
encoding binary Boolean logic within out-of-equilibrium chemical
systems for the extraction of mechanical work to execute transient
biomimicking functions can expand the realms of systems chemistry
and related research and help us design smart materials.

INTRODUCTION

Living systems ranging from the size of a single cell to higher organisms such as an-
imals and human beings obtain specific information (physical or chemical input sig-
nals) through their sensory systems, which is thereafter processed based on basic bi-
nary logic as well as complex computational algorithms to program much more
complicated spatiotemporal functions, e.g., cell division, cell motility, cargo trans-
port, etc. (Figure STA)." In the recently passed epoch, the pursuit of making pro-
grammable life-like systems in the lab has therefore led to the exploration of com-
plex chemical or biological networks that operate out of equilibrium, where
different components interact with each other following a certain logic or program
to give rise to a collective emergent behavior.””'* However, the possibility of inte-
grating such binary Boolean logic in programming out-of-equilibrium chemical sys-
tems (CSs) to obtain transiently functional materials has so far been a daunting
task.” "> If such modules can be created utilizing chemical logic systems (CLSs)
that encode binary logic and carry out information processing, it may pave the
way toward smart systems capable of executing complex biomimicking functions.

Among other physical stimuli, the use of audible sound in controlling chemical pro-
cesses is still in its infancy."®?? Very recently, our group utilized audible sound to
control redox-sensitive and pH-sensitive out-of-equilibrium CSs.”” We anticipated
that our approach can offer an alternate strategy to control the spatiotemporal dis-
tribution of out-of-equilibrium chemical network systems through the participation

2192 Chem 8, 2192-2203, August 11, 2022 © 2022 Elsevier Inc.

THE BIGGER PICTURE

The complexity of biological
processes and their
programmability has kindled the
imagination of researchers since
decades. Exact mimicking of
these complex processes to
execute life-like functions still
remains a distant goal. However,
constant efforts are being
dedicated to develop artificial life
based on the limited knowledge
that we have gained on various
biological systems and
intercellular processes. Among
these, the exploration of out-of-
equilibrium chemical systems has
gained special attention in recent
years. Nevertheless, the control
over such systems with multiple
input signals and programming
them using basic Boolean logic for
the execution of smart functions
remain a challenging task. The
present use of light, sound, and
chemical inputs in out-of-
equilibrium chemical logic
systems addresses the
aforementioned challenges. The
long-term goal in this direction is
to increase the complexity of such
chemical logic systems and
perform more complicated
functions.
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of various chemical (reducing agents, acid, atmospheric gases, etc.) and physical
stimuli (sound, light, etc.), maintaining the rules of binary logic to mimic biological
processes such as spatiotemporally controlled chemical gradients, patterns, etc.
In a seminal work,?* Hermans and coworkers have demonstrated such features
with out-of-equilibrium functional supramolecular polymers.”>*® We thought of tak-
ing this challenge a step ahead by controlling the spatiotemporal location of nano-
aggregates of such supramolecular polymers in solution to execute even higher level
complex functions under out-of-equilibrium conditions.?”-** We anticipated that the
presence of nanoaggregates having different physical and chemical properties
within different locations in a solution can segregate a solution into property-specific
spatiotemporal domains, which would be useful in the execution of macroscopic
functions such as extraction of mechanical work.””~*? The topography of liquid sur-
face generated by standing waves has previously been used as a template to
assemble floating beads in programmable patterns.®® We therefore thought of uti-
lizing audible sound generated concentric surface waves as templated tracks for the
programmed movement of a floating cargo.

Among the vast examples of mechanical work by systems exhibiting life-like

behavior that involves collective intelligence,

solving a maze involves locating
and reaching a specific target avoiding collisions with physical hurdles encountered
along the way.** So far, maze solving has been explored using both active (self-pro-
pelled) and passive (that needs to be guided) particles through chemotaxis, photo-
taxis, magnetotaxis, etc.”? Nevertheless, the use of audible sound to guide a pas-

sive cargo through a maze is hitherto unknown.

Herein, we demonstrate that the concerted participation of various physical and
chemical stimuli, which follows the rules of Boolean math, can be utilized to obtain
a programmed spatiotemporal distribution of out-of-equilibrium CSs to program
spatiotemporal patterns, chemical gradients, and most importantly, transient me-
chanical functions (Figure S1B). For instance, the pH-responsive nanoaggregates
of a peptide-based gelator can be controlled with light in the presence of a photo-
acid, leading to a spatiotemporal change in the surface tension of the solution, which
further induces motion in a passive floater (cargo) due to the Marangoni effect. The
application of audible sound provides specific tracks for cargo movement through
the generation of surface waves. An algorithm based on binary logic is further set
up to successfully navigate the floating cargo through a maze.

RESULTS AND DISCUSSION

Controlling spatiotemporal pattern formation

Design of multistimuli-responsive redox chemical system for pattern formation:
Chemical system 1 (CS1)

As a model multiple stimuli-responsive system, we chose the redox chemistry of
methyl viologen (MV2*/MV'*), which is known to form spatiotemporal patterns
upon dissolution of atmospheric oxygen in solution under normal conditions. Such
spatiotemporal patterns can be reproducibly obtained by controlling the dissolution
of oxygen in water using audible sound-induced vibration of the air-water inter-
face.”®> MV?* is known to get reduced to its radical cationic (MV'*) form through
photoinduced electron transfer in the presence of [Ru(bpy)®** (bpy = 2,2'-bipyri-
dine) and triethanolamine (TEOA), which acts as a photosensitizer and sacrificial
reductant, respectively (Figure 1A).*%*? It is therefore possible to control the spatio-
temporal chemical distribution in a photoredox-based CS consisting of MV?*,
[Ru(bpy)3]2+, and TEOA, which we now call CS1, using a triad of external stimuli,
namely light, sound, and oxygen (Figure 1B).
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Figure 1. Boolean logic-regulated spatiotemporal pattern formation

(A) CS1 based on the photoreduction of MV?* in the presence of [Ru(bpy)3]2+ and TEOA. Here, the
redox state of MV2* is regulated by a triad of chemical and physical inputs (e.g., light, audible
sound and O, [g]). Composition: [MV?*] = 2.0 mM, [[Ru(bpy)*|**] = 0.4 mM, [TEOA] = 7.0 mM and
[glycerol] = 20 wt % in deionized water.

(B) CLS-1 processes the information from three inputs (e.g., light, sound, and O [g]) based on AND
logic and produces a spatiotemporal concentric ring pattern as a specific function or output. The
inset shows a schematic representation of the cross-sectional view of the CS1 solution exposed to
light irradiation, sound waves, and atmospheric O,.

(C) Results of pattern experiments in the presence of a combination of two input signals.

(D) Complete truth table obtained from the pattern formation experiments, which correspond to a
triple-input AND logic-gate circuit. Audible sound input frequency: 40 Hz.

Onirradiating a yellow-colored solution of CS1 placed in a Petri dish (Figure S2) with
visible light (=400 nm, 40 s), a dark green solution was obtained (due to the gener-
ation of MV™*). When exposed to air, in the absence of any external sound input, a
random spatiotemporal pattern was generated (Figure 1C, extreme right). On
vibrating the MV *-rich solution with audible sound within a suitable range of fre-
quencies (35-40 Hz) and amplitudes (0.06-0.08 g), it gradually reorganized into a
spatiotemporal pattern consisting of dark green and yellow concentric rings (Fig-

ure S3; Video S1). To suppress the audible sound-induced lateral flow, 344

we
increased the viscosity of the solution using glycerol (20 wt%),** which resulted in

the formation of a concentric ring pattern reproducibly over several cycles. During
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the pattern generation process, the nodal regions with minimum vibration show
lesser oxygen dissolution and retain the pre-existing green color of the solution,
whereas in the antinodal regions, where the vibration is maximum, oxygen dissolves
more efficiently into the solution and reoxidizes it back to its yellow state (Figure 1B,
right panel-inset).”” The nodal and antinodal positions are obtained with the same
frequencies at the same locations in the solution for all trials (Figure 1B, right panel)
making the colored spatiotemporal MV?*/MV* patterns, the same and predictively
reproducible over several cycles.

Boolean logic-regulated pattern formation

The aforementioned CS1 can process the information from the input signals and
produce a specific output in its response. To explain the information processing
platform in terms of binary logic, we considered the formation of the concentric
ring pattern as the desired output (1) and any other result as an undesired output
(0). The desired concentric ring pattern was observed only when the three inputs
(light, sound, and O,) were applied simultaneously (Video $2).*¢ As shown in Fig-
ure 1, the absence of any one of the three inputs results in an undesired outcome.
For instance, under dark conditions, MV2* in CS1 remains in its inherent state, and
the color of the solution remains yellow, whereas under an inert atmosphere, the
solution turned green on being irradiated, and MV?* prefers to stay in its reduced
state (MV'") for longer periods of time. In the absence of the audible sound, a
random maze-like spatiotemporal pattern was observed. It can therefore be in-
ferred that the out-of-equilibrium CLS, which we now call CLS-1, exhibits an AND
logic-gate response toward the three inputs: light, sound, and O, (Figures 1B
and 1C). A truth table summarizing the outputs obtained in all possible combina-
tions of the inputs is provided in Figure 1D.

Repetitive spatiotemporal pattern

In general, a control over spatiotemporal patterns and functions obtained in pres-
ence of light irradiation usually involves the use of a photomask.'*?” However, in
the present case, a spatiotemporal pattern is obtained via light irradiation (in pres-
ence of sound and O,) even without using a photomask. We were therefore inter-
ested in studying our pattern generation process in the presence of a photomask.
Time-dependent changes during the pattern generation process revealed that on
continued exposure of a spatiotemporal pattern obtained from CLS-1 to a sound
source (40 Hz) and Oy, the initial state (prominent dark green regions) of the pattern
was gradually transformed to a partially decayed state (prominent yellow regions)
and ultimately to a completely oxidized state (yellow-colored solution) (Figures 2A
and S3). The initial state can however be recovered by irradiating the partially de-
cayed state of the pattern (for 40 s) in the presence of sound and O, (Figure 2A).
This strategy can be utilized to obtain a repetitive spatiotemporal pattern by refuel-
ing CLS-1 with photoirradiation and draining it under dark conditions for several
repeated cycles (Figure S5; Video S3).

We thought it may be possible to control the existing chemical gradients within
the pattern by irradiating a selective area of the pattern through a semicircular
photomask (Figures 2B and Sé; Video S4) in the presence of sound and Os.
Indeed, we observed that the pattern gradually progressed to its partially decayed
state under the mask, whereas in the unmasked area, the initial state of the
pattern was redeveloped. The chemical gradients that exist in the initial and
the partially decayed states of the pattern could be swapped by changing the po-
sition of a semicircular photomask over alternate halves in the subsequent cycles
(Figure 2B).
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Figure 2. Repetitive spatiotemporal patterns

(A) Time-dependent changes during repetitive pattern generation with irradiated CLS-1 in
presence of sound and O,. Recovery of the initial state by irradiating the partially decayed state of
the pattern (40 s).

(B) Repetitive spatiotemporal patterns generated within the alternate halves of the Petri dish by
irradiating it through a semicircular photomask in presence of sound and O,.

(C) Color intensity profiles extracted from pattern images obtained from the experiment described
in Figure 2B.

(D) Chemical composition tweaked at a specific point within the pattern aided by a laser (405 nm)
beam in presence of sound and O,. Audible sound input frequency: 40 Hz.

To further study the changes in the chemical gradients within the pattern, we
analyzed the pattern images from different irradiation cycles in Figure 2C. We
then compared the color intensities of the individual lines within the concentric
ring pattern, which corresponds to the chemical gradients present within the solu-
tion (see supplemental information). The color intensity profile was evenly distrib-
uted at the beginning (black trace). However, the profiles obtained from the subse-
quent images clearly suggested the alteration in the chemical gradients in each
concentric ring across the two semicircular domains of the spatiotemporal pattern
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(Figure 2C). Figure S7 and Video S5 show the possibility to obtain different types of
repetitive spatiotemporal patterns utilizing different photomasks. The chemical
composition at a specific point was further controlled by using a laser pointer
(405 nm, 50 mW) (Figure 2D; Video S6). On irradiating a particular point located
over a yellow line, we observed the line was erased due to transient generation of
MV'*. The chemical transformation was however spatiotemporal, and the original
pattern was recovered within few seconds due to the sound-assisted expedited
oxidation.

Programmed cargo transport and maze solving

Design of out-of-equilibrium self-assembling chemical system for extraction of
mechanical work: Chemical system 2 (CS2)

The binary control over the spatiotemporal distribution of out-of-equilibrium supra-
molecular nanoassemblies imparting different physical properties, e.g., surface ten-
sion, viscosity, etc., may be exploited to execute even higher level functions such as
extraction of mechanical work.>**” We therefore screened a variety of multistimuli-
responsive self-assembled systems to explore such applications. Among these, we
chose a photocontrolled pH-responsive nanoaggregate system previously studied
by Li and coworkers,*® consisting of diphenylalanine (FF) gelator and a protonated
merocyanine-based photoacid generator (MEH) (CS2). We observed that the system
not only exhibited a fast and reversible aggregation behavior but also a reversible
change in surface tension of the solution in response to blue light irradiation. Irradi-
ation of blue light causes MEH to undergo a ring-closing reaction and convert to its
spiropyran (SP) form and thereby donate a proton resulting in the disassembly of FF
nanoaggregates (Figure 3A). This phototriggered transformation between aggre-
gates in combination with sound waves can be used for programmable cargo trans-
port (Figure 3B, right panel). Under dark conditions, the reformation of the nanoag-
gregates occurs, following the SP to MEH transformation. The average size of the
nanoaggregates dispersed in the CS2 solution estimated by dynamic light
scattering (DLS) decreased from 106 to 60 nm after 20 s of photoirradiation (10 W,
A > 400) and recovered after being kept in the dark for 20 s (Figure S8A). A concom-
itant transient decrease in the light scattering intensity was also observed on the
photoinduced dissolution of the nanoaggregates. The morphological transforma-
tions between the hierarchical structures formed from these nanoaggregates were
further studied by atomic force microscopy (AFM) (Figures S8B and S8C) and
scanning electron microscopy (SEM) (Figure S9). Morphological analysis of the
CS2 solution showed the presence of rigid nanofibers (120 nm in height), which
were transformed into short rod-shaped aggregates (40-80 nm in height) after
20 s of photoirradiation. Under dark conditions, the rigid nanofiber morphology
was recovered (Figure S8). Interestingly, the switching between the out-of-equilib-
rium nanoaggregates was also accompanied by reversible and transient changes
in the surface tension of the solution (Figure 3C).*7°9 We observed a reversible tran-
sient decrease in the surface tension of the nanoaggregate dispersion after 5 s of
light irradiation (405 nm, 50 mW), where the maximum change in surface tension
(Ay) was ~3 mN/m (Figure S10). The CS2 solution can be utilized for designing a
CLS-2 to execute a Boolean logic-controlled motion of a cargo using light and sound
as inputs (Figures 3B and 3D), as described in the next section.

Boolean logic-regulated cargo movement

Having established the conditions required to trigger maximum changes in surface
tension upon light irradiation, we placed a styrofoam-based floating cargo on the
solution surface of the CS2 and irradiated it with a laser pointer (405 nm, 50 mW).
The spatiotemporal surface tension gradient created by light irradiation led to a
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Figure 3. Boolean logic-regulated programmable cargo movement

(A) CS2 based on light-responsive reversible transition between nanoaggregates of FF assembly in
the presence of MEH. Composition: [FF] = 0.5 mM and [MEH] = 2.0 mM in toluene.

(B) CLS-2 processes the information from light and sound inputs based on AND logic and produces
programmable cargo movement as a specific output through the combined generation of surface
waves and transient changes in surface tension. The inset shows a schematic representation of the
cross-sectional view of the CS2 solution exposed to light irradiation and sound waves.

(C) Reversible changes in surface tension of the FF-based nanoaggregate-dispersed solution upon
light irradiation (ON) and recovery (OFF).

(D) Complete truth table obtained from the cargo movement experiments, which correspond to a
double-input AND logic-gate circuit. Audible sound input frequency: 38 or 42 Hz.

Marangoni effect-induced movement of the cargo away from the irradiated region.
However, the trajectory of the cargo could not be specifically controlled (output: 0) in
consecutive cycles (Figure S11). Programmable and directional motion of the cargo
(output: 1) was however achieved in the combined presence of audible sound gener-
ated surface waves and light irradiation (Figures 3B, 3D, and 4). We observed that
the parameters of the audible sound input played an important role in determining
the type of cargo movement over the solution surface. A sound input of 38 Hz and
0.06 g (audio-l) helped in generating a well-defined route for the orbital motion of
the cargo along the nodal regions of the surface waves (Figure 4A; Video S7), where
the cargo got practically trapped and exhibited a motion only along this circular
track (orbital) (output: 1). On the other hand, with a higher frequency and amplitude
sound input (42 Hz and 0.08 g; audio-Il), a decrease in the pitch distance of the sur-
face waves was observed, and the cargo could easily escape from the nodal regions
on being propelled by light, resulting in a short distance radial motion (output: 1)
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Figure 4. Light and sound controlled programmable cargo movement

(A) Top panel shows that a combined application of light and audible sound (audio-I) on CLS-2
leads to an orbital motion of the cargo based on AND logic. Schematic representation of the cargo
trapped within the nodal regions during orbital motion is shown along with. Bottom panel shows
the experimental images of orbital motion taken at 0, 45, 91, and 125 s, respectively (Video S7).
(B) Top panel shows that a combined application of light and audible sound (audio-Il) on CLS-2
leads to a short radial motion of the cargo based on AND logic. Schematic representation of the
cargo escaping from the nodal regions during radial motion is shown along with. Bottom panel
shows the experimental images of radial motion taken at 0, 15, 30, and 48 s, respectively (Video S8).
In Figures 4A and 4B, initial and final positions of the cargo are marked with blue and red circles.

(Figure 4B; Video S8). In the absence of light irradiation, however, the cargo did not
show any movement even in the presence of the sound input audio-Il (output: 0).
Light irradiation in the absence of audible sound also resulted in an uncontrolled
cargo motion (output: 0) as described before. In the absence of both the inputs,
the cargo remained static (output: 0) (Figure 3D; Video S9).

Thus, the programmable cargo movement in CLS-2 exhibited an AND logic-gate
response toward the two input stimuli (Figures 3D and 4). The results suggest that
the out-of-equilibrium nanoaggregates in the CS2 solution and their resultant prop-
erties e.g., Marangoni effect-induced orbital or radial motion can be programmed
through the combined application of light and audible sound. A quantitative under-
standing of the mechanical work involved in the light and sound controlled
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Figure 5. Boolean logic-regulated navigation of a passive cargo through a maze guided by light
and audible sound as inputs
(A) AND logic gate with light and audio-I as inputs produces orbital motion. The program is rep-

resented by a red box. AND logic gate with light and audio-Il as inputs produces short radial
motion. The program is represented by a blue box.

(B) Top panel shows the schematic representation of the basic design of the maze structure. The
single passageway for maze solving is represented by red- (for orbital motion) and blue-dashed (for
short radial motion) lines. Schematic representation of the setup used for the maze experiments is
shown at the bottom. The entrance and exit points of the maze are denoted as START and END,
respectively.

(C) Photographs at different time intervals showing the successful navigation of a floating passive
cargo through the maze aided by a programmed (Figure 5A) sequence of application of inputs
(light and audible sound) as chosen by the experimenter.

programmed cargo motion is nontrivial.”' However, we took advantage of the afore-
mentioned qualitative observation to navigate a cargo over the CS2 solution
through a predetermined path, which is discussed in the next section.

Programmed navigation of a cargo through a maze

The application of the two input signals can be programmed in such a way so as to
execute a predetermined sequence of orbital and short radial motion of the cargo
over CLS-2 (Figure 5A), which can be utilized to perform even higher level or compli-
cated functions such as navigating a cargo through a maze (Figure S13). Instead of
using a conventional maze with physical barriers, a maze shaped photomask was de-
signed to project over the CLS-2 solution placed in a Petri dish. Figure 5B shows the
basic experimental setup and the maze design, where the entrance and exit points of
the maze are denoted as START and END, respectively. In a control experiment, the
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cargo was not propelled when the maze passageway was blocked by a photomask
(Figure S14; Video S11). The cargo could be moved only along the unmasked curved
passageway of the maze, and the photomasked region therefore acted as a bastion
or divider (similar to a real physical barrier) for the maze. Since the cargo in this case
is “passive,”** solving the maze by the cargo requires crucial human intervention. In
the absence of sound, the cargo motion could not be specially navigated in the maze
passageway due to the phototriggered uncontrolled orbital motion of the cargo
(Figure S11; Video S10). This indicates that both light and audible sound inputs
are necessary to guide the cargo to successfully solve the maze. The bead was there-
fore successfully navigated by the experimenter from the start point of the maze to
its end through the passageway, remotely regulated by the experimenter who sup-
plied a specific sequence of Boolean logic-based input and output signals (Fig-
ure 5C; Video S11). The cargo was propelled only upon light irradiation and re-
mained static when the light source was switched off. Audio-l and light irradiation
was utilized to navigate the cargo through the curved passageway. Once the cargo
reached near a bottleneck, audio-Il and light irradiation were utilized to trigger the
short radial motion to navigate the cargo through the bottleneck (Figure S14). The
maze was designed in such a way that the distance between two concentric maze
passageways through the bottleneck matches well with the short distance in the
radial direction (4.8 mm) traversed by the cargo in the aforementioned conditions
(Figure S15). In the absence of audible sound, the cargo is propelled through a
longer distance and with more velocity, which frequently pushes the cargo under
a photomasked area thereby failing to guide the cargo through the maze (Fig-
ure S15). The snapshots at different stages during the navigation of the cargo
through the maze are shown in Figure 5C.

Conclusions

We have demonstrated that out-of-equilibrium CLSs can be operated by Boolean
logic-regulated input processing and can be programmed to exhibit transient
changes in their chemical and physical properties to perform specific spatiotemporal
functions such as programmed pattern formation exhibiting chemical gradients,
cargo transport, and maze solving, etc. The programmed CLSs manifested their abil-
ity to sense multiple chemical and physical input signals and process such input infor-
mation based on binary logic to deliver a desired outcome. Our approach of utilizing
programmable out-of-equilibrium CLSs to execute transient biomimicking functions
such as extraction of mechanical work can be a new paradigm in the research related
to systems chemistry. The strategy adopted in the present work may help us in the
design and development of smart materials with life-like properties or behavior
involving Boolean logic-based out-of-equilibrium CSs of higher complexity.
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Supplemental Experimental Procedures

1. Materials and general methods.

All the reagents and solvents used were procured from commercial vendors and used as received without
any further purification, unless stated otherwise. Deionized water with a resistivity of 18.2 MQcm-1 was used
to prepare aqueous solutions. NMR spectra were recorded at 298 K on a Bruker DRX500 spectrometer.
Mass spectrum was measured in positive ion mode using a linear ion trap mass spectrometer (LTQ XL,
Thermo Scientific, MA, USA) equipped with electrospray ionization source (ESI). Drop-cast and spin-coated
samples of peptide nanoaggregates were imaged using a Park NX10 AFM in ambient condition with non-
contact mode. SEM analysis of the aforementioned samples were imaged using a JEOL JSM-7401F
scanning electron microscope operating at 5 kV. A function generator (AFG-2005, GW Instek) and a
speaker (PC83-8, Dayton Audio) were used to generate and control vertical vibrations. Vibrational
acceleration was measured by a vibration meter (ST-140, Tenmars). Photos of the experiments were taken
by a smartphone or a digital camera. The pending droplet method was used to measure the surface tension
of the spiropyran and diphenylalanine nanoaggregate solutions. The contact angle measuring experiments
were performed with UNI-CAM/A, GITsoft. The surface tension values were calculated automatically from
the instrument using the Young-Laplace equation.

Protocol for light, audible sound and atmospheric oxygen induced programmed spatiotemporal
pattern generation experiments. A circular glass Petri dish was mounted on top of a flat acrylic tray placed
over a loudspeaker, which was connected to a function generator to generate vertical sinusoidal vibrations
(Figure S2). The frequency range and amplitude of vibrations were controlled by the function generator and
the amplitude of the vibrations was measured with a vibration meter. For the programmed spatiotemporal
pattern generation experiments, frequency in the range of 35-42 Hz with an amplitude of the vibration in
the range of 0.06-0.08 g was found to be suitable. For the programmed spatiotemporal pattern experiments,
an agueous solution mixture of MV2* (2.0 mM), [Ru(bpy)®?* (0.4 mM) (photosensitizer) and TEOA (7.0 mM)
(sacrificial reductant) (CS1) was prepared. Glycerol (20 wt%) was utilized to prepare the aforementioned
solution to suppress the lateral flow thereby generating a concentric ring based pattern.?243 The mixture
solution was further passed through a Nylon syringe filter (0.2 um pore size) to totally avoid the presence
of any minuscule amount of undissolved residue that may disturb the pattern formation process. The
solution was also degassed with argon gas for 30 min prior to each set of experiments. After transferring
the mixture solution (5.0 mL) to a 56 mm (inner diameter) glass Petri dish placed on top of a loudspeaker,

photochemical reduction of MV?* was carried out by irradiating the solution with a LED lamp (10 W, & >

400) placed at a distance of 16 cm above the Petri dish inclined at an angle of ~30° for 40 s to minimize
the heating effect. It may also be noted that the pattern images are obtained just after switching off the light
source (after 40 s) to avoid excess reflected light while recording the pattern images. Photo induced
reduction of MV?* produces a dark green colored CS1 solution (considered to be a mixture of blue colored
MV** and yellow colored [Ru(bpy)3]?* solution). The MV** absorbs in the range 470 nm-760 nm. Whereas
the absorption maximum of [Ru(bpy)®]?* is ~450 nm (Figure S16) and therefore the photoreduction works
well under the aforementioned experimental conditions. Nevertheless, to avoid the possibility of light rays
being unable to penetrate to the bottom of the Petri dish and generate chemical gradients, we gently swirled
the Petri dish to start our experiments with a homogeneous solution. In general, the function generator
connected to the speaker was also kept switched on during the pattern generation in the dish and the
audible sound controlled vertical streaming does the job for us. The pattern images were recorded using a
smartphone or a digital camera. In general, the pattern generation started within a few seconds upon
applying the sound and light inputs and the developed pattern stayed for a few more minutes (Figure S3
and Video S1). All patterns were optimized at room temperature (25 = 2 °C). For the Boolean logic related
control pattern experiments, the same procedure was followed by switching off/on the individual input
stimulus (Figure 1B, C, D). For measuring the height of the surface waves,? we recorded the surface
vibrations in the side direction using a video camera at 960 fps (Figure S4).

Spatiotemporal chemical gradients within a pattern. A solution (5.0 mL) containing MV?* (2.0 mM),
[Ru(bpy)??* (0.4 mM), TEOA (7.0 mM) and glycerol (20 wt%) in deionized water (CS1) was used as
described before. When the LED lamp was turned on, the yellow-colored solution of CS1 turned green



within a few seconds. The light source was then switched off while the function generator (at 40 Hz)
connected with the speaker was kept on. The dark green solution changed to a spatiotemporal pattern with
typical concentric rings (Figure 1B). In experiments to study the spatiotemporal chemical gradients over the
whole pattern area, after a few more seconds of pattern (initial state) development (in presence of the three
input stimuli), the light source was switched off and the solution was further exposed to air, keeping the
sound source on, the thicker greenish lines in the concentric ring pattern became thinner and the yellowish
lines in the concentric ring pattern became more prominent (partially decayed state). The patterned solution
was then again exposed to light irradiation to induce the photoreduction of MV?* (regeneration of the initial
state). Reversible changes in chemical composition of the MV** rich region and the MV?* rich region (over
the whole area of the pattern) was observed over several repeated cycles by repeated refueling of CLS-1
with light irradiation (Figure 2A, Figure S5 and Video S3). A photomask was used to specifically control the
redox states of the out-of-equilibrium chemical species at predetermined domains within the solution.
Photomasks of various designs were prepared with a black paper and attached over a polystyrene based
transparent substrate, which acted as a Petri dish cover. After the concentric ring pattern was developed,
the photomask was placed over the patterned solution without perturbing the pattern generated in the
solution; it was then irradiated with light. MV** was regenerated in the illuminated regions of the solution
while the chemical species in unexposed regions continued to be oxidized to generate MV?*. Switching the
position of the photomask alternately between the two semi-circular halves of the Petri dish, the chemical
gradient within the pattern was specifically controlled to give rise to spatiotemporal changes in the chemical
gradients (Figure 2B, 2C, Figure S6, S7 Video S4 and S5). In the case of spatiotemporal changes in
chemical composition at a point, a hand-held laser (405 nm, 50 mW) pointer was used to trigger the
reduction of MV?* at a specific point of the patterned solution (Figure 2D and Video S6). A magnifying
camera lens (12X magnification) was attached to the camera to record clear images or videos of the event.
All experiments were performed at room temperature (25 + 2 °C).

Pattern image analyses. The images obtained from the repetitive pattern experiments were analyzed
using ImageJ software. Firstly, the RGB color pattern images were converted into grayscale representations,
then the gray values were collected using a line profile tool. The brighter regions in yellow color shows more
intensity than the darker regions in green color in the line obtained line profile. For each image recorded at
a particular instant, line profiles of the image color intensity were measured along a line segment (yellow
dashed line shown in Figure 2C, inset) drawn over a particular position on the pattern images.

Protocol for light and sound controlled programmable cargo movements. In a typical experiment,
protonated merocyanine (MEH) (for synthesis see supplementary information) and diphenylalanine (FF)
were dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) (40 uL), and then toluene (8 mL) was added to
achieve the final concentration of FF (2.0 mM) and MEH (8.0 mM) (CS2). The mixture was then vortexed
vigorously to produce a homogeneous solution and sonicated for 1 h to obtain a yellowish nanoaggregate
dispersed solution. After transferring nanoaggregate solution (2 mL) to the Petri dish in a 50 mm (inner
diameter), a pure toluene was added to further dilute the mother solution (4 times). The final concentration
of the CS2 solution was 0.5 mM of FF and 2.0 mM of MEH, respectively. After the nanoaggregates were
homogeneously dispersed throughout the solution, the function generator connected to the speaker was
turned on and cargo movement experiments were carried out and recorded using a smartphone or digital
camera. The cargo used was styrofoam-based spherical bead (d = 4-5 mm and m = 2.3 + 0.24 mg) covered
with black Teflon film to circumvent the dissolution of the styrofoam by the solvent. The cargo movement
was controlled by a hand-held laser beam (405 nm, 50 mW) pointed towards the solution at a distance of
~6 cm in the presence of audible sound having a suitable range of frequencies (35-42 Hz) and amplitude
(0.06-0.08 g) of the vibrations. The light-driven speed of the cargo was measured using ImageJ software.

Characterization of photo responsive nanoaggregates. To demonstrate the morphological changes of
the peptide-based nanoaggregates in response to photoirradiation, a CS2 solution containing FF (0.5 mM),
MEH (2.0 mM) and HFIP (10 uL) in toluene (2 mL) was prepared as described before. To prepare samples
for morphological analysis by SEM or AFM, an aliquot (10 uL) was removed from the nanoaggregate
dispersed solution and spin coated (3000 rpm, 20 s) over silicon wafer substrates. To investigate the
dissolution of the nanoaggregates, the nanoaggregate dispersed solution was irradiated with a LED lamp
(10 W, A=400). Irradiation was continued even during the spin coating process. To confirm the reformation
of nanoaggregates, the morphological experiments were carried out after keeping the irradiated



nanoaggregate dispersed solution under dark conditions for 20 s, followed by spin coating. For dynamic
light scattering (DLS) measurement, the nanoaggregates dispersed solution (800 uL) was placed in a 1.5
ml disposable cuvette (path length, 10 mm). The average size of nanoaggregates using DLS was measured
before/after light irradiation (20 s, 10 W, A2400) and after being kept in the dark (20 s) (Figure S8 and S9).

Surface wave pattern dependent cargo movements. To investigate the role of sound input, the cargo
movement experiments were carried out in presence of audible sound of different frequencies. A glass Petri
dish with the mixture solution containing FF (0.5 mM), MEH (2.0 mM) and HFIP (10 pL) in toluene (8 mL)
(CS2) was mounted on top of a flat acrylic plate placed over a speaker and the styrofoam-based spherical
cargo (d =4-5 mm and 2.3 + 0.24 mg) was floated on the solution surface without turning on the sound. A
black colored acrylic plate was placed over a speaker and a long pass filter (490 nm) was attached behind
the mobile camera lens to record clear images or videos of the event avoiding reflected light. In general,
while applying a sound input of 38 Hz and 0.06 g (Audio-I) to the mixture solution, an orbital motion of the
cargo in the presence of light irradiation was observed (Figure 4A and Video S7). Upon changing the sound
input (42 Hz and 0.08 g; Audio-Il), we observed a light-propelled short radial motion of the cargo. (Figure
4B and Video S8).

Measurement of transient changes in surface tension upon light irradiation. To understand the reason
behind the cargo movements as a result of irradiating the FF and MEH mixture solution (CS2), surface
tension measurements were carried out by the pending droplet method. A liquid drop (5 pL) was suspended
on a dosing 16 G needle and subsequently the analysis of the drop shape was carried out based on the
Young-Laplace equation. It indicates that the surface tension (y) value of the mixture solution before light
irradiation is 27.6 £ 0.5 mN m'? (n = 3). When the drop shape was analyzed after 5 s of blue light irradiation

(405 nm, 50 mW), a decrease in the surface tension was observed (y = 24.2 £ 0.6 mN m- (n = 3)). The

original surface tension value (y = 27.6 £ 0.5 mN m (n = 3)) is however recovered under dark conditions.
Due to the surface tension gradient generated a Marangoni effect comes into action under these conditions,
and the cargo starts moving in a direction away from the point of irradiation of light. The reversible changes
in surface tension were reproducible over several cycles. All cargo movement experiments were optimized
at room temperature (25 + 2 °C). Similar, control experiments were conducted to measure the
photoirradiation dependent changes in the surface tension of the following solutions: (a) A solution of HFIP
(20 pl) in toluene (8 mL) and (b) solution containing all the components of CLS-2 apart from FF (Figure
S10).

Estimation of mechanical work. Although it is beyond the scope of the original motivation behind this
study, we have tried to estimate the mechanical work during the cargo motion upon the reviewer’s request.
However, under out-of-equilibrium conditions, it is rather difficult to consider the transient changes in all the
experimental factors like solution viscosity, local heating, etc. So, we simplified the situation to come up
with a rough estimate of the mechanical work involved. First, we tracked the time dependent displacement
and time dependent velocity of the cargo. From these values, we obtained the displacement versus velocity
plot for the cargo. The plot shows an increase in the velocity because of the net force acting on the cargo,
i.e., the resultant of the gradient in surface tension force that induces the Marangoni effect and the opposing
viscous drag. The former force is instantaneously applied on light irradiation. However, the viscous drag
continuously acts on the cargo in the opposite direction and ultimately brings the cargo to a rest. Under
these conditions the cargo initially accelerates to reach a final velocity (~11 mm/sec in the presence of the
sound waves (Audio-I) and then starts retarding under the action of the viscous drag. The differential curve
gives us the displacement versus acceleration plot for the cargo. From the known mass of the cargo (2.3 =
0.2 mg) we estimated the displacement dependent changes in force acting on the cargo. The overall change
in the force i.e., the area under the curve gives us an idea about the quantity of mechanical work executed
in the process. The input light energy supplied from the laser (110 nW, actual power) was also calculated
from the time of photoirradation required to initiate motion in the cargo (2.6 s). It was observed that ~0.016%
of the input energy is converted into meaningful mechanical work in the presence of the sound. Although
the energy efficiency is substantially low in the presence of sound, probably due to the restricted motion of
the cargo in the presence of the surface waves, the motion of the cargo is much more controlled as one
can observe from the tracking experiments (Figure S11). It may be noted that these calculations involve



several approximations and therefore only provides us with a fair estimation but not with an accurate value.
For details about these calculations please see Figure S12.

Maze experiments. For the maze experiments, a glass Petri dish with a mixture solution containing FF (0.5
mM) MEH (2 mM) in toluene (8 mL) was placed on top of a speaker. A maze shaped photomask was
prepared from a black paper and attached over a polystyrene based transparent Petri dish cover. The maze
was designed in such a way so that the passageway matches well with the nodal positions of the surface
waves. Subsequently, the maze was placed over the mixture solution maintaining a gap of ~5 mm without
interfering the formation of the surface waves and the cargo movement upon light irradiation (Figure 5B).
The bead was navigated through the maze passageway from the START to the END points, remotely
propelled by light and audible sound assisted surface waves (Figure 5C, Figure S13 and Video S11). All
experiments were optimized at room temperature (25 + 2 °C) and recorded with a smartphone or digital
camera.

2. Synthesis and characterization of MEH
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The photoacid generator MEH was synthesized according to the previous reports.®-> A mixture of 2,3,3-
trimethylindolenine (1.20 g, 7.54 mmol) and propane sultone (1.84 g, 15.07 mmol) was stirred at 90 °C for
5 h under argon atmosphere. The obtained purple precipitate of 2,3,3-trimethyl-1-(3-sulfonatepropyl)-3H-
indolium was filtered, washed with cold diethyl ether, and finally dried under vacuum. Then, the obtained
solid (2.10 g, 7.46 mmol) and 2-hydroxybenzaldehyde (1.38 g, 11.34 mmol) were dissolved in absolute
ethanol (10 mL) and refluxed for 12 h. After cooling, the orange product was collected by filtration, washed
with ethanol and dried in vacuum (2.3 g, 80%). *H NMR (850 MHz, DMSO-ds, TMS): 6= 8.60 (d, 1H), 8.27
(d, 1H), 8.02 (d, 1H), 7.87 (m, 2H), 7.62 (m, 2H), 7.48 (t, 1H), 7.04 (d, 1H), 6. 99 (t, 1H), 4.80 (t, 2H), 2.65
(t, 2H), 2. 18 (m, 2H), 1. 77 (s, 6H). ESI-MS: m/z calcd. for C2:1H23NO4S 385.13 [M+Na]*: 408.12, found
408.25.
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Figure S1. Schematic representation of Boolean logic regulated spatiotemporal functions in out-of-
equilibrium natural and artificial systems. (A) Information processing within a single cell or microorganism
is operated by a genetic or biological logic circuit to generate transient biochemical gradients that results in
the transient reorganization of the cellular cytoskeleton to execute specific biological functions. (B) A
conceptual representation of a multi stimuli-responsive out-of-equilibrium chemical system with an ability to
process information based on binary logic and generate transient chemical gradients, which can be
exploited to execute programmable spatiotemporal functions.
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Figure S2. A photograph of the setup used for the spatiotemporal pattern generation experiment using a
combination of three external stimuli; light, sound and atmospheric Ox.
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Figure S3. Snapshots obtained from Video S1 showing the time-dependent pattern generation process in
CS1 under the influence of three inputs; light, sound and atmospheric O2. The photographs show the step-
wise process by which an intense green solution is gradually reorganized into a spatiotemporal pattern on

vibrating with an audible sound source (40 Hz).



Figure S4. Observation of surface wave height changes of an aqueous solution on application of audible
sound. These snapshots were obtained from a video at 960 fps. From our experiments we could observe
a maximum displacement of 0.16 = 0.01 mm of the height of the solution on application of audible sound of

frequency 40 Hz.
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Figure S5. Snapshots obtained from Video S3 showing a reversible spatiotemporal pattern. The initial state
of the pattern can be recovered by light irradiation of the partially decayed pattern for repeated cycles.
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Figure S6. Photographs of repetitive pattern generation experiments. (A) Experimental setup for tuning the
chemical gradients present inside a pattern using a photomask. (B) Zoomed image of a Petri dish covered
with a semicircular photomask (perspective view). (C) Pattern image obtained after irradiation of the

photomask covered Petri dish with a LED lamp (40 s).
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Figure S7. Generation of different types of chemical gradients within a spatiotemporal pattern utilizing
differently shaped photomasks. (A) Schematic representation of the experimental procedure to tune the
chemical gradients within specific areas inside a pattern regulated by the light in presence of sound and O-.
(B) A pattern image obtained from the experiment described in Figure S7A (left) and color intensity profiles
extracted from the pattern image (right). Each dashed line was drawn over a particular position on the
pattern image along which the line profile (represented in same color) was calculated. (C), (D), (E)
Snapshots obtained from Video S5 showing different types of chemical gradients within the concentric ring
pattern.
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Figure S8. Photo-responsive changes in the size and morphology of FF nanoaggregates. (A) Comparative
plots showing the DLS size and scattering intensity measurement of initially formed (left), irradiated (middle)
and recovered (right) nanoaggregates of FF. (B) AFM images showing light-induced morphological
transformations between FF based rigid nanofibers and short rod-shaped aggregates, obtained after light
irradiation and their recovery under dark conditions. The AFM measurement shows the formation of larger
aggregates of FF due to the drying of the samples. (C) Corresponding height profiles obtained from AFM
images shown in Figure S8B.



Figure S9. SEM images showing morphological transformations between FF based fibrous (A) and
disassembled nanoaggregates (B) obtained after light irradiation (scale bar: 10 um).
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Figure S10. Changes in surface tension of the solution containing FF and MEH (red trace) upon light
irradiation (On) and recovery after being kept in the dark (Off). The solution containing only MEH in HFIP
and toluene (blue trace) and the solvents alone, i. e., HFIP and toluene (black trace) show no significant
changes in surface tension upon light irradiation.
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Figure S11. Trajectories of the light controlled orbital motion of the cargo for three cycles (A) in the presence
as well as (B) in the absence of audible sound waves (Audio-I) (Video S10). The tracking data confirm that
the orbital motion was much more controlled in the presence of sound waves.
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Figure S12. Estimation of the mechanical energy conversion during light and sound (Audio-I) driven cargo
motion along an orbital track. (A) Displacement versus velocity plot and (B) displacement versus force plot.
(C) Table shows that 0.016% of input light energy is converted to mechanical work. The experiment was
repeated at least 4 times to confirm the reproducibility of the results.
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Figure S13. A flow chart showing the overall process that guides a cargo successfully through a maze.
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Figure S14. Snapshots of a control experiment performed during the maze solving process (Video S11)
shows that the cargo was not propelled when the maze passageway was blocked to inhibit the irradiation
of nanoaggregate dispersed solution with blue light.
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Figure S15. Time dependent displacement changes of a cargo moving in a radial direction in the presence
(blue trace) as well as in the absence (black trace) of sound waves (Audio-1l). In the absence of audible
sound input, the cargo on light irradiation was moved for a comparatively longer distance.
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Figure S16. UV-vis absorption spectra of MV?* (black trace), MV** (red trace) and [Ru(bpy)3]?* (blue trace).
The MV** was generated by chemical reduction using sodium dithionite.
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SUMMARY

Programmable spatiotemporal control over the formation of func-
tional supramolecular polymers, which leads to the formation of
different morphological forms in solution, is one of the long-stand-
ing issues in chemistry. The situation is even more complex espe-
cially when dealing with a mixture of species in multicomponent
self-assemblies. One way to achieve this goal is by controlling the
spatiotemporal distribution of the molecular components in solu-
tion, which control the overall aggregation process. Herein, we
report the spatiotemporal segregation of different redox-respon-
sive supramolecular assemblies inside spatiotemporal domains
generated within the same solution under out-of-equilibrium
conditions by using audible sound. Using this approach, we can
spatiotemporally control the formation of at least two types of
assemblies, which are either both achiral or one of them is chiral,
or both are chiral but with opposite helicity. This strategy may pro-
vide advanced control over solution-state synthesis of supramolec-
ular polymers, which exhibit morphology-dependent functions.

INTRODUCTION

The manual sorting of crystals of the enantiomeric forms of tartaric acid by Pasteur,
using a simple pair of tweezers, can be considered as one of the watershed moments
in the field of molecular chirality and stereochemistry. Since then, this field has
made tremendous advancements from molecular-level chirality to chiral supramo-
lecular systems. Presently, the advancements in our understanding of supramolecu-
lar interactions have made it even possible to program the chirality of supramolec-
ular polymers in solution.”™ Controlling the handedness of chiral supramolecular
polymers depends largely on the programmability of molecular interactions within
the supramolecular assemblies. The most widely adopted strategy to synthesize
chiral assemblies is through the aggregation of chiral monomers (chiral homopoly-
mers). Other approaches include, among others, the co-assembly of achiral
monomers with chiral inducers (chiral heteropolymers), chiral amplification of
supramolecular polymers through the "“sergeants-and-soldiers” effect, living poly-
merization, and specific cases of supramolecular chirality.” ' Control over the inver-
sion of helicity of synthesized supramolecular assemblies has also been achieved by
application of a variety of external stimuli such as pH, light, redox, temperature,

solvents, vortex motion, stirring, introduction of chiral molecules, and so on.'’~*?

Owing to their inherent dynamic nature, several supramolecular polymers, which
differ in their chirality, coexist in solution, and manual sorting of a particular type
among them is practically impossible due to their small size and random diffusion.

THE BIGGER PICTURE
Achieving programmable control
over the formation of chiral
supramolecular polymers in
solution has gained great interest.
Special efforts have been
dedicated toward the control of
supramolecular helicity with
molecular-level manipulation,
stimuli-responsive chirality
switching, etc. However,
spatiotemporal segregation of
supramolecular polymers that
differ in their chiroptical
properties, within the same
solution, has been a grueling task.
Herein, we demonstrated audible
sound-assisted spatiotemporal
segregation of chirally different
supramolecular polymers in
separate domains within the same
solution. Specifically, we could
spatiotemporally segregate chiral
and achiral polymers as well as
oppositely chiral polymers with
this method. This concept can be
further extended to
spatiotemporally segregate
supramolecular polymers that
exhibit distinct functions in order
to explore new applications in the
research field related to systems
chemistry and materials science.

Chem 9, 1-13, March 9, 2023 © 2022 Elsevier Inc. 1
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However, if one can create patterned chemical gradients within a solution, where the
formation of chiral supramolecular polymers of a particular type can be controlled in
a region-specific fashion, it will be possible to arrive at a state where different chiral
supramolecular polymers are in principle segregated within the same solution. Chi-
ral supramolecular systems are generally explored under thermodynamically
controlled (equilibrium) conditions, and consequently the aforementioned spatial
control over supramolecular assemblies exhibiting opposite helicity or that between
chiral and achiral assemblies in solution has not been achieved so far. This makes way
for out-of-equilibrium supramolecular systems that require a continuous supply of
chemical fuel or a physical energy source that can be applied to retain their inherent
self-assembled state, thereby providing us with region-specific control over their

formation in solution through spatiotemporal pattern formation.***’

In comparison with other physical external stimuli, the use of sound to gain control
over the synthesis of chiral assemblies in solution has been rarely explored.*®
Recently, our group showed audible sound can be utilized for region-specific disso-
lution of atmospheric gases to generate programmable spatiotemporal domains
within a solution, in which out-of-equilibrium chemical processes can be executed.*’
We therefore thought of spatiotemporally controlling the formation of redox-
responsive chemical systems that form different supramolecular assemblies in their
oxidized and reduced states (under out-of-equilibrium conditions) in solution. The
audible sound induces surface vibrations and advection currents within the bulk
(depth of solution: 2 mm) of a solution placed in a circular vessel (Petri dish). This
results in faster dissolution of atmospheric oxygen at the concentric ring-shaped
domains, which are located just below the antinodal (maximum vibrating) regions
of the surface waves.”” As a result, the concentration of supramolecular polymers
in their oxidized state increases in these regions. The reduced form of the polymers
is specifically retained in another set of concentric ring-shaped domains located
below the nodal (minimum vibrating) regions of the surface waves. Under normal
conditions (without sound), the two different types of polymers are randomly
distributed within the solution. However, in the presence of audible sound, concen-
tric ring-shaped domains were generated, and a spatiotemporal pattern consisting
of two different types of polymers was obtained (Figure 1A).

Herein, we have exploited multicomponent supramolecular systems that can form
different types of achiral or chiral assemblies, depending on the redox state of
one of the monomer species present in the assembly (Figure 1B). We spatiotempo-
rally controlled the formation of such redox-responsive assemblies by utilizing
audible sound-induced region-specific dissolution of atmospheric oxygen in solu-
tion. We first explored the self-assembly of an achiral redox-responsive monomer,
where we could spatiotemporally segregate two different achiral assemblies in solu-
tion. This was followed by co-assembly studies of the aforementioned achiral redox-
responsive monomer with a chiral non-redox-responsive molecule, which dissoci-
ated from the assembly resulting in the formation of an achiral assembly when the
other partner was reduced. Here, we could specifically achieve spatiotemporal
segregation of achiral and chiral supramolecular assemblies through this design.
The strategy was further extended with a different chiral partner, which remained
associated with the achiral partner irrespective of its redox state. However, the co-
assembly obtained through this design exhibited opposite chirality. The spatiotem-
poral segregation of the two oppositely chiral polymers within the same solution was
thereby achieved by utilizing our audible sound-based approach. This technique can
be further utilized for the spatiotemporal segregation of other redox-responsive
supramolecular polymers with different structures and related properties.
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Figure 1. Spatiotemporal segregation of functional supramolecular polymers formed under out-of-equilibrium conditions

(A) Schematic representation of random and ordered spatiotemporal segregation of supramolecular polymers formed under normal (top) and out-of-
equilibrium (bottom) conditions, in the absence (left) and presence (right) of audible sound irradiation.

(B) Cartoon showing the design of the chiral multicomponent assemblies. Preferential formation of different types of redox-responsive achiral
assemblies and chiral co-assemblies formed under out-of-equilibrium conditions in the O,-rich and O,-deficient domains.

Sodium dithionite (SDT) serves as a reducing agent and atmospheric O, serves as an oxidizing agent in both (A) and (B).

RESULTS AND DISCUSSION

To study these multicomponent self-assembling systems, we first investigated the
redox-responsive self-assembly behavior of the achiral partner to rule out any pos-
sibilities of supramolecular chirality in the system. Subsequently, we explored the
spatiotemporal segregation of achiral and chiral assemblies within the same solu-
tion. This was followed by chiral assemblies exhibiting opposite helicity. A detailed
investigation of the spatiotemporal segregation in different self-assembly systems,
based on the aforementioned design, is described comprehensively in the following
sections.

Spatiotemporal segregation of achiral assemblies

As mentioned before, an integral part of our design is the redox-responsive achiral
component. To suit this purpose, we chose a quaternary amine functionalized
perylenediimide derivative (PDI),*® which exhibited strong aggregation behavior
in water due to the presence of polar end groups and a hydrophobic polycyclic
aromatic core (Figure 2A, left; see supplemental information for synthesis and
characterization details of PDI). The formation of PDI assembly was confirmed
from temperature-dependent UV-vis spectroscopic investigations (Figure S1). The
critical aggregation concentration of PDI was estimated to be 11 uM from emission
spectroscopy (Figure S2). Addition of sodium dithionite (SDT, NaS,0,4) to the
aggregated PDI resulted in a change in color of the solution from red to violet, which
corresponded to the formation of dianionic PDI?~ (Figure 2A, right). This violet solu-
tion, when placed in a Petri dish, reverted to its original red color upon prolonged
exposure to atmospheric oxygen; a spatiotemporal pattern consisting of random
distribution of violet- and red-colored domains was obtained as an intermediate
state under ordinary conditions (Figure S3). We anticipated that in the presence of
audible sound, we can achieve a transient intermediate state where the two chemical
species (red and violet) will be specifically located along concentric ring-shaped do-
mains (Figure 2A, center). The UV-vis spectrum, corresponding to the neutral PDl as-
sembly in water (red solution), showed a major absorption band at 500 nm. However,
upon addition of excess SDT, the absorption spectrum of the violet solution showed
a red shift with significant broadening. On oxidation by exposing the solution to air,
the original absorption spectrum of PDI was recovered (Figure 2B). These results
clearly suggest that in the oxidized state, PDI existed as a neutral PDI assembly in
water. However, upon addition of SDT, the dianionic PDI*~ exhibited an entirely
different assembly behavior. Dynamic light scattering (DLS) further confirmed the
redox-responsive transient changes in the size of the aggregates in solution (Fig-
ure S4). Circular dichroism (CD) studies indicated that in both cases, the aggregates
were achiral in nature (Figure S5). To further investigate this phenomenon, we car-
ried out morphological investigations of the aforementioned assemblies utilizing
scanning electron microscopy (SEM). The hierarchical assembly of the formed as-
semblies in solution resulted in the formation of non-helical nanofibers in both cases.
However, the thickness of the fibers was ~80 nm for the neutral PDI assembly, and
thicker tape-like fibers (~300 nm) were obtained in the case of the dianionic PDI?~
assembly (Figures 2C, 2D, and S7). Both thin and tape-like fibers were observed
from a partially oxidized solution of PDI assembly (Figure S8).
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Figure 2. Spatiotemporal segregation of achiral assemblies in redox-responsive PDI self-assembly system

(A) Schematic representation of the redox-responsive spatiotemporal segregation of the achiral PDI and PDI?~ assemblies.

(B) UV-vis spectra showing the redox-responsive changes of PDI in water (0.10 mM). Corresponding photographs of the reduced (violet) and oxidized
(red) PDI solution (inset).

(C) SEM images of the hierarchical nanofibers formed from the PDI assembly in water (0.20 mM). Inset: magnified image of the nanofibers (scale bars
represent 0.3 pm).

(D) SEM images of the hierarchical tape-like nanostructures formed from the PDI? assembly in water (0.20 mM). Inset: magnified image of the
nanofibers (scale bars represent 0.3 pm).

(E) Spatiotemporal segregation of achiral PDI and PDI?>~ assembly (0.20 mM) in the presence of a 40-Hz sound input.

Having confirmed that the formation of two different types of assemblies could be
controlled by controlling the redox state of the PDI, we next explored the spatiotem-
poral segregation of the aforementioned achiral assemblies by using our audible
sound-based strategy (Figure 2E). On vertically vibrating the violet-colored solution

containing assembled PDI?~

with audible sound operating at an optimized specific
frequency of 40 Hz (Figure S9), the solution gradually began to exhibit a spatiotem-
poral pattern consisting of red- and violet-colored concentric rings. Within this
spatiotemporal pattern, the formation of two different types of achiral assemblies
of neutral PDI (red) and that of dianionic PDI>~ (violet) was observed along the
alternately arranged concentric spatiotemporal domains formed in the solution

(Figures 2E, center, and S10; Video S1).

Spatiotemporal segregation of supramolecular achiral and chiral assemblies

Having understood the redox-responsive assembly behavior of PDI, we next studied
the chiral co-assembly between PDI and adenosine triphosphate (ATP) in water. The
positively charged quaternary amine functional groups in the former are expected to
interact with the negatively charged phosphate groups of the latter via electrostatic
interactions.”’ The resulting chiral co-assembly should in principle exhibit redox-
responsive changes in its assembly behavior, and the segregation of such
aggregates within concentric ring-shaped domains was therefore expected in the
presence of audible sound (Figure 3A). The formation of PDI-ATP co-assembly
was confirmed by UV-vis absorption and CD spectroscopic studies (Figure S1 1.5
Upon addition of ATP to the PDI solution, the intensities of the absorption band
(around 500 nm) decreased, and the new broad shoulder appeared at the longer
wavelength (around 580 nm). Due to the presence of ATP, the co-assembly was ex-
pected to be chiral, and its formation was therefore characterized by CD spectros-
copy (Figure S11). Since PDl is intrinsically achiral, no characteristic CD signal was
observed for PDI assembly alone. Interestingly, upon addition of ATP, a positive
CD band was observed at 555 nm followed by a negative CD band at 485 nm with
a zero crossover point at 507 nm, which suggest the formation of right-handed
helical supramolecular co-assembly.”’ The critical aggregation concentration of
PDI-ATP co-assembly was estimated to be 13 pM, as determined from CD spectros-
copy (Figure S12). The stoichiometry of the constituent monomers in the chiral co-as-
sembly was evaluated to be 1:1 (PDI:ATP), based on CD titrations and a Job plot
obtained from CD titration experiments (Figures S13 and S14). Further, changes in
zeta potential of PDI-ATP co-assembly were measured at various PDI and ATP ratios;
a constant decrease in the zeta potential value upon adding ATP to the PDI
aggregate solution verifies the surface co-assembly of ATP (Figure S15). The
redox-responsive behavior of PDI-ATP assembly was further studied by CD and
UV-vis spectroscopies (Figure 3B). When SDT was added to the PDI-ATP co-assem-
bly, we observed that the aforementioned CD signal disappeared, which
suggest the disassembly of the chiral aggregates (Figure 3B). A similar color change
of the solution from red to violet was observed on reduction as observed in the case
of PDI alone (Figure 2B, inset). The same solution was also studied by UV-vis

6 Chem 9, 1-13, March 9, 2023
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Figure 3. Spatiotemporal segregation of achiral and chiral assemblies in redox-responsive PDI-ATP self-assembly system

(A) Schematic representation of redox-responsive spatiotemporal segregation of achiral PDI>~ assembly and chiral PDI-ATP co-assembly.

(B) CD spectra showing the redox-responsive changes of PDI-ATP self-assembly in an aqueous medium (0.30 mM). Inset: corresponding photographs of
the reduced (violet) and oxidized (red) PDI-ATP (1:1) solution.

(C) SEM images of the hierarchical right-handed helical nanofibers (P helix) formed from the PDI-ATP co-assembly in water (0.20 mM). Inset: cartoon
representation of the P helix shown as a guide to the eye.

(D) SEM images of the hierarchical tape-like nanofibers formed from PDI? assembly in water (0.20 mM).

(E) Spatiotemporal segregation of the chiral PDI-ATP co-assembly and achiral PDI?~ assembly (0.20 mM) in the presence of a 40-Hz sound input.

spectroscopy, and the broad absorption spectrum matched well with that of the
aggregates formed from PDI?~ (Figure S16). A plausible reason behind such an
observation may be the disassembly of the PDI-ATP aggregates due to the electro-
static repulsion between the negatively charged PDI*~ and ATP. This was followed

by the reassembly of PDI>~ to form an achiral assembly as mentioned in the previous
section (Figure 2). On oxidizing the same solution, the CD signal was recovered,

suggesting the re-formation of the chiral PDI-ATP co-assembly (Figure 3B).

We next explored the redox-responsive morphological changes of the chiral
PDI-ATP co-assembly. SEM investigations confirmed the formation of chiral right-
handed helical nanofibers (P helix) in the oxidized state (Figure 3C). In the reduced
state, however, we observed the formation of ~350-nm-wide tape-like nanofibers
(Figures 3D and S18), which matched well with that of the previously observed
PDI?>~ nanofibers (Figure 2D). Both right-handed helical nanofibers and tape-like
achiral nanofibers were obtained from a partially oxidized solution of chiral PDI-
ATP co-assembly (Figure S19). DLS further confirmed the redox-responsive transient
changes in the size of the aggregates in solution (Figure S20). These experiments
clearly suggest the formation of chiral co-assembly of PDI-ATP in the oxidized
state of the PDI molecule and the formation of achiral assembly of PDI?~ under
out-of-equilibrium conditions (Figure 3A). The next challenge was therefore to
spatiotemporally segregate these chiral and achiral assemblies formed in solution.
Thus, we started with a completely reduced solution (violet-colored) (Figure 3E,
left), which was obtained by the addition of SDT to a solution of PDI-ATP chiral
co-assembly (red-colored). On exposing the aforementioned solution to audible
sound operating at a specific frequency (40 Hz), the violet-colored solution (corre-
sponding to PDI?~ assembly and ATP) gradually began to exhibit a pattern consist-
ing of red- and violet-colored concentric rings. Audible sound therefore generated a
spatiotemporal pattern comprising PDI-ATP (chiral co-assembly) and PDI?>~ achiral
assembly in the same solution (Figures 3E, center, and S21; Video S2). On prolonged
exposure to audible sound, the solution reverted to its original red color, corre-
sponding to the formation of chiral PDI-ATP co-assembly (Figure 3E, right). In the
absence of audible sound, we observed a random distribution of chiral and achiral
assembly domains in solution as an intermediate stage (Figure S22).

Spatiotemporal segregation of assemblies of opposite helicity

Our experiments with the previous self-assembly system suggested that ATP does
not prefer to remain associated with PDI?~ due to electrostatic repulsion. We there-
fore needed a chiral partner, which can remain associated with PDI?~ and affect the
chirality of the assembly in the out-of-equilibrium state (Figure 4A). After screening a

17-25

number of suitable candidates, we chose the enantiomers of a phenylalanine-

derived gelator (LPF/DPF), which are known to introduce chirality while forming

3837 as well as to exhibit chemical stimuli-

co-assemblies with achiral molecules,
responsive switching in chirality in response to minimal changes in the intermolec-
ular interactions with its achiral partner (see supplemental information for synthesis

and characterization details of LPF and DPF molecules).’® We first studied the
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Figure 4. Spatiotemporal segregation of oppositely chiral assemblies in redox-responsive PDI-LPF/PDI-DPF self-assembling systems

(A) Schematic representation of redox-responsive spatiotemporal segregation of PDI-LPF chiral co-assembly and oppositely chiral PDI?~-LPF co-
assembly.

(B) CD spectra showing the redox-responsive changes of PDI-LPF self-assembly and PDI-DPF self-assembly in an aqueous medium (0.10 mM). Inset:
corresponding photographs of the reduced (blue) and oxidized (red) PDI-LPF (1:1) solution.

(C) SEM images of the hierarchical left-handed helical nanofibers (M helix) formed from the PDI-LPF co-assembly in water (0.10 mM). Inset: cartoon
representation of the M helix shown as a guide to the eye.

(D) SEM images of the hierarchical right-handed helical nanofibers (P helix) formed from PD
representation of the P helix shown as a guide to the eye.

(E) Spatiotemporal segregation of the chiral PDI-LPF co-assembly and oppositely chiral PDI?"-LPF co-assembly (0.10 mM) in the presence of a 40-Hz
sound input.

I2=-LPF co-assembly in water (0.10 mM). Inset: cartoon

co-assembly between PDI and LPF molecules by using various spectroscopic
techniques (Figure S23). CD spectroscopy experiments, upon addition of LPF to
the solution of PDI, revealed a negative CD signal at 558 nm followed by a positive
CD signal at 493 nm with a zero crossover point at 516 nm. The results suggest the
preferential formation of left-handed (M-type) helical co-assembly.*? The critical
aggregation concentration of PDI-LPF co-assembly was estimated to be 6 pM, as
determined from CD spectroscopy (Figure S24). The stoichiometry of the constitu-
ent monomers in the chiral co-assembly was evaluated to be 1:1 (PDI:LPF),
based on CD titrations and a Job plot obtained from CD titration experiments
(Figures S25 and S26). Interestingly, upon addition of SDT to the PDI-LPF solution,
the CD spectrum is switched to a positive CD signal at 738 nm followed by a negative
CD signal at 668 nm, suggesting the formation of right-handed helical assembly (P
helix) (Figures 4B and S27). This is accompanied by a visual change in the color of the
solution from red to blue, and the transformation was also reflected in the UV-vis
absorption spectrum (Figure S28). The solution reverted to its original state in the
presence of atmospheric oxygen after ~20 min.

To gain a better understanding of the system, we synthesized the opposite isomer
DPF”° and studied the PDI-DPF co-assembly by using various spectroscopic tech-
niques as before (Figures S30-532). We observed that the CD spectrum obtained
in the case of PDI-DPF was exactly opposite (mirror image) to that obtained in
case of the PDI-LPF co-assembly, both in the neutral and reduced states (Figure 4B).
In the absence of irrefutable crystallographic data, it is difficult to comment on the
changes in the molecular-level interactions that lead to such chirality switching.
Nevertheless, we designed control experiments with three specifically designed chi-
ral molecules consisting of a single amide linkage (BPF), devoid of an aromatic core
(LCHF), and another containing two N-methylated amide linkages (N-methyl-LPF) to
understand the role essayed by different types of non-covalent interactions between
LPF/DPF and PDI in controlling the helical packing of the co-assemblies both in the
oxidized state as well as in the reduced state (see supplemental information for syn-
thesis and characterization details of BPF, LCHF, and N-methyl-LPF). Surprisingly,
we did not observe any chirality induction through co-assembly formation when
each of these three molecules was added to the achiral PDI assembly (figures
S33-S35). The results clearly suggest that the co-assembly formation between PDI
and LPF/DPF requires amide H-bonding interactions at both ends of the w-aromatic
core in case of the chiral partner.

Morphological investigation of the oxidized and reduced states of the PDI-LPF co-
assembly was further carried out. SEM images confirmed the formation of chiral
left-handed helical nanofibers (M helix) in the oxidized state (Figure 4C) and right-
handed helical nanofibers (P helix) in the reduced state (Figure 4D). We were unable
to see oppositely helical fibers within the same frame of the SEM images. A partially
oxidized solution of chiral PDI-LPF co-assembly yielded non-helical nanofibers,
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which suggests that the switching takes place via an achiral state (Figure S36). DLS
further confirmed the redox-responsive transient changes in the size of the two
oppositely chiral aggregates in solution (Figure S37). The fibers obtained in the
case of PDI-DPF assembly exhibited opposite helicity (Figure S38). As expected,
upon exposing a solution consisting of the reduced co-assembly of PDI and LPF
to a sound source operating at a specific frequency (40 Hz), the blue-colored solution
(Figure 4E, left) gradually began to exhibit a concentric ring pattern comprising blue-
and red-colored rings. We were therefore able to spatiotemporally segregate oppo-
sitely chiral PDI-LPF and PDI*LPF co-assemblies respectively in an aqueous solu-
tion using this strategy (Figures 4E, center, and S39; Video S3). We similarly obtained
the audible sound-induced patterning of PDI-DPF assembly within spatiotemporal
domains in an aqueous solution (Figure S40). In the absence of audible sound-
induced vibrations, both PDI-LPF and PDL-DPF co-assemblies led to the develop-
ment of random spatiotemporal patterns (Figures S41 and S42). In both cases, on
continued exposure of the solution to atmospheric oxygen, the aggregate solution
reverted to its original state within ~20 min (Figure 4E, right). The next challenge is
therefore to obtain a permanent (spatially controlled) pattern consisting of segre-
gated domains of oppositely chiral assemblies and helical superstructures through
the simultaneous use of non-covalent and covalent interactions for polymerization.>?

Conclusions

In conclusion, we have utilized audible sound for the spatiotemporal segregation of
different types of functional supramolecular polymers formed as a consequence of
multicomponent self-assembly in solution. Determining that assemblies with
different molecular packing, morphology, and properties can indeed be segregated
within the same solution, we have demonstrated the spatiotemporal patterning of
redox-responsive chiral and achiral supramolecular assemblies within an aqueous
medium. Further, we have also demonstrated spatiotemporal patterning of two
oppositely chiral helical supramolecular assemblies. At present, our audible sound-
based approach can be utilized to spatiotemporally segregate at least two different
types of redox-responsive supramolecular polymers within the same solution, which
isinfactrelated to the generation of two different types of domains formed in solution
depending on the rate of oxygen dissolution. Nevertheless, with the exploration of
complex supramolecular systems, the spatiotemporal segregation of multiple func-
tional supramolecular polymers within the same solution confronts us with a new chal-
lenge. Efforts in these directions are currently under progress. This concept can be
further extended to spatiotemporally segregate supramolecular polymers that
exhibit distinct functions in order to explore new applications in the research field
related to systems chemistry and materials science.
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Cucurbituril curiosities

M Check for updates

Rahul Dev Mukhopadhyay and
Kimoon Kim consider how
cucurbiturils — pumpkin-shaped
macrocycles — went from curiosities
to compelling cavitands for a host of
applications.

ne of the most popular traditions

during Halloween, is the carving

of jack-o’-lanterns, where most

commonly the top of apumpkin

is chopped off to make a lid (an
openrim), followed by the scooping out of the
pulp (to obtain a hollow cavity), carving out a
scary face (torus decoration) and then placing
acandle (a luminous guest) inside the cavity
to greet trick-or-treaters.

For almost half a century, chemists have
beeninvolved insynthesizing such pumpkin-
shaped structures at the molecular level.
Those also feature an intrinsic cavity, which
provides an opportunity to explore their
host-guest chemistry, and their torus can be
decorated by chemical modification. Unlike
the aforementioned lanterns though, they
possess two open rims, through which guest
molecules enter or exit the host cavity. This
family of macrocycles has steadily attracted
great attention owing to their remarkable
molecular recognition properties'.

In 1905, German chemist Robert Behrend
described that the acidic condensation of gly-
coluril with formaldehyde yielded an insoluble
polymeric substance (referred to as Behrend’s
polymer)®. Based on elemental analysis, Behrend
suggested that this material contained “at least
three molecules of glycoluril” condensed with
twice as many formaldehyde molecules. He
further noted the exceptional stability of this
material in the presence of aggressive reagents
aswellasits ability to form co-crystals.

Almost 80 years later, in 1981, intrigued by
the properties of this material, Mock, Free-
manand Shih revisited the original synthesis’.
Armed with modern structural characteriza-
tiontools, including X-ray crystallography and
nuclear magnetic resonance spectroscopy,
they found that the ‘polymer’ was amacrocy-
cle comprising of six glycoluril units, with a
hydrophobic cavity and two hydrophilic rims
decorated with six ureido carbonyl units on
each side. They named it ‘cucurbituril’ as it

L Y
resembles the shape of a pumpkin, of the
Cucurbitaceaebotanical family.

Today, werefer to this macrocycle as cucur-
bit[6]uril or simply CB[6]. Mock further
reported the formation of 1:1 inclusion com-
plexes of CB[6] with alkylammonium species,
rate acceleration of the azide-alkyne click
reaction within the CB[6] cavity, andits use as
amolecular switch'. The 1990s witnessed the
synthesis of a variety of intriguing supramo-
lecular assemblies including polyrotaxanes
and ‘molecular necklaces’.

By 2000, through careful control of the reac-
tion temperature, other members of the family
hadbeenisolated — CB[n] (n=5,7and 8), where
nis the number of glycoluril units in the mac-
rocycle*’. Although CB[6] still remained the
major product of the acid-catalysed formalde-
hyde glycoluril reaction, chemists now had new
pumpkins with new properties to play with. For
instance CBI[7], which can bind larger guests
including fluorescent dyes, was astutely used
for the development of label-free continuous
enzymeassays (supramolecular tandemassays)®
and the separation of disubstituted benzene
isomers, which are important industrial feed-
stocks’. CB[7] can also form ultrahigh-affinity
host-guest complexes with ferrocene and
adamantane-based amines, with binding affini-
ties comparable or superior to that of the natu-
rally occurringbiotin-streptavidin pair (K,inthe
range of 102-10" versus 10® M, respectively)®.

Onthe other hand CB[8], withan evenlarger
cavity, facilitates the inclusion of two guest
molecules thereby leading to the formation
of homo- (same guests) and heteroternary
(different guests) complexes. Recently, these
have been widely explored for the develop-
ment of functional supramolecular systems
and soft materials exhibiting high mechanical
strength. Evenlarger CB[n]s (n=10,13,14 and
15) now exist,' as well as other analogues such
asbambusurils (cavitands with alonger torus
whose shapeis reminiscent of bamboo stems)
and acyclic CB[n]-type receptors'.

Anenticingaspect of the chemistry of these
host moleculesis the introduction of various
functional groups at their periphery, by which
the scope of their applications has been fur-
ther expanded'. In particular, the ability of
functionalized CB[7] to form ultra-stable, yet
reversible host-guest complexes with specific
guestmolecules canbe used asabioorthogo-
nal non-covalent conjugation tool. This behav-
iour hasbeentermeda‘supramolecular latch”
or ‘non-covalent click chemistry”®and exten-
sively explored for biological applications
such as imaging and isolation of proteins™ as
well as supramolecular modification of thera-
peutic proteins™.

Ontheheels of the 2022 Nobel Prizein Chem-
istry being awarded “for the development of
click chemistry and bioorthogonal chemistry”,
we hope that the ‘non-covalent click chemistry’
behaviour of CB[7]-based ultrahigh-affinity
host-guest complexes can help gain insight
into avariety of biological processes.
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The pangenome structure of human pathogen Mycobacterium

kansasii
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ABSTRACT The non-tuberculous Mycobacterium kansasii, is the causative agent of
destructive pulmonary and extrapulmonary infections inimmunocompromised persons.
Incessant use of multiple antibiotics and lack of effective vaccines did little to combat
M. kansasii mediated infections. Here, a bioinformatic analysis has been carried out
using PanExplorer, to analyze the pangenome aimed at functional characterization of
the bacterium, understanding it's pathogenic lifestyle and recognize the factors shaping
evolution and variations amongst strains. M. kansasii had a large core genome (60.2%),
a small (11.9%) dispensable genome and 27.9% strain-specific genes. The core genome
of M. kansasii had a high concentration of COGs (Cluster of orthologous genes) linked
to energy production and conversion, amino acid transport and metabolism, nucleotide
transport and metabolism, coenzyme transport and metabolism, and secondary me-
tabolite biosynthesis, transport and metabolism. Interestingly, numerous genes within
the core and dispensable genome were associated with pathogenesis and virulence.
Noteworthy among them were type VIl secretion, ESX, PP and PPE family proteins. Al-
though, M. kansasii genomes revealed overall relatedness and conservation, genomic
rearrangements caused variability within the strains. The information from this analysis
could assist future microbial genomics research on M. kansasii, and further studies, e.g.,
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Introduction

Non-tuberculous mycobacteria (NTM) are ubiquitously
present mycobacteria, responsible for causing opportu-
nistic infections in humans (Ricketts et al. 2014). Most
of the NTMs are environmental bacteria (Luo et al.
2021), incorporating over 170 different species, and are
associated with skin and pulmonary diseases in humans
(Sur and Pal 2021). The incidence of NTM infections is
increasing at a fast pace, and there is evidence of acquired
infection from environmental sources and human-to-
human transmission (Jia et al. 2021). Additionally, there
are instances of the zoonotic potential of NTM-mediated
infections (Fukano et al. 2021). Anthropogenic activities,
immunocompromisation, antibiotic resistance, and lack of
effective vaccines have contributed to the surge of NTM
infections (Bryant et al. 2016; Sur 2021).

Mycobacterium kansasii is a NTM responsible for de-
structive pulmonary infections resembling tuberculosis,
in individuals suffering from chronic bronchitis, cystic
fibrosis, emphysema, and chronic obstructive pulmonary
disease (Banks et al. 1983; Ricketts et al. 2014; Luo et al.

*Corresponding author
E-mail: saubashya@gmail.com

2021). M. kansasii is also associated with extrapulmonary
infections like septic arthritis, and skin and cervical
lymph node diseases (Bernard et al. 1999; Guan et al.
2020). M. kansasii is commonly found in immunocom-
promised individuals (e.g., people suffering from HIV)
and is increasingly becoming a matter of concern in the
USA, South America, Africa, China, and Japan (DeStefano
et al. 2018; Luo et al. 2021). Out of the seven subtypes of
M. kansasii, type 1 is the major one with a global presence
and greater association with human diseases (Guan et al.
2020; Guo et al. 2022). M. kansasii-mediated infections
can be controlled using a combination of antibiotics like
isoniazid, rifampin, and ethambutol; azithromycin and
clarithromycin; as well as amikacin, moxifloxacin, and
linezolid (DeStefano et al. 2018; Guo et al. 2022). How-
ever, usage of multiple antibiotics, prolonged duration of
treatment, and increasing drug resistance became limiting
factors (DeStefano et al. 2018).

Over the last 20 years, rapid advancement in micro-
bial sequencing technologies catalyzed the exponential
growth of bacterial genomes (Zhao et al. 2012). The
massive amount of data necessitated the development of
efficient computational tools (Perrin and Rocha 2021).
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ABSTRACT

Mycobacterium abscessus is a nontuberculous mycobacterium, associated with broncho-pulmon-
ary infections in individuals suffering from cystic fibrosis, bronchiectasis, and pulmonary diseases.
The risk factors for transmission include biofilms, contaminated water resources, fomites, and
infected individuals. M. abscessus is extensively resistant to antibiotics. To date, there is no vac-
cine and combination antibiotic therapy is followed. However, drug toxicities, low cure rates, and
high cost of treatment make it imperfect. Over the last 20years, bioinformatic studies on M.
abscessus have advanced our understanding of the pathogen. This review integrates knowledge
from the analysis of genomes, microbiomes, genomic variations, phylogeny, proteome, transcrip-
tome, secretome, antibiotic resistance, and vaccine design to further our understanding. The util-
ity of genome-based studies in comprehending disease progression, surveillance, tracing
transmission routes, and epidemiological outbreaks on a global scale has been highlighted.
Furthermore, this review underlined the importance of using computational methodologies for
pinpointing factors responsible for pathogen survival and resistance. We reiterate the significance
of interdisciplinary research to fight M. abscessus. In a nutshell, the outcome of computational
studies can go a long way in creating novel therapeutic avenues to control M. abscessus medi-
ated pulmonary infections.
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Introduction worldwide and have surpassed the incidence of tuber-

Mycobacteria are a diverse group of bacteria character-
ised by their varying ability to cause diseases.
Mycobacteria are categorised into nontuberculous
mycobacteria (NTM) and tuberculosis-causing mycobac-
teria (Johansen et al. 2020). NTM is ubiquitous, hetero-
geneous (Locatelli et al. 2020), and responsible for
pulmonary infections, disseminated infections, cervical
lymphadenitis, and infections in the bones and soft tis-
sues (Baldwin et al. 2019). NTM infections are increasing

culosis in many countries (Adjemian et al. 2012; Ryan
and Byrd 2018; Baldwin et al. 2019). Age, bronchiectasis,
exposure to aerosols, indiscriminate use of antibiotics
and immunosuppressants, use of showers, and human-
pathogen interaction, coupled with improved diagnos-
tic capabilities are the reasons for an increased inci-
dence of NTM induced diseases (Collins 1989; Feazel
et al. 2009; Bryant et al. 2016; Johansen et al. 2020;
Yoon et al. 2020). The cost of treating NTM is high.
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ABSTRACT Human rhinovirus C (HRV-C) is an RNA virus infecting human respira-
tory tract. It is associated with complexities like asthma, chronic obstructive pulmonary
disease, and respiratory damage. HRV-C has many serotypes. Till date there is no
vaccine. Despite some limitations, corticosteroids, bronchodilators, and common cold
medicines are used to treat HRV-C infections. Here, we have used immunoinformatics
approach to predict suitable cytotoxic T-cell, helper T-cell and linear B-cell epitopes from
the most antigenic protein. VP2 protein of Rhinovirus C53 strain USA/CO/2014-20993
was found to be most antigenic. The multi-epitope construct was designed using the
best CTL, HTL and linear B-cell epitopes and attaching them with adjuvant and linkers.
Interferon-gamma inducing epitopes and conformational B-cell epitopes were also pre-
dicted from the construct. Physicochemical and structural properties of the construct
were satisfactory. Binding pockets were identified that could be the targets for designing
effective inhibitors. Molecular docking revealed strong binding affinity of the construct
with human Toll-like receptors 2 and 4. Normal mode analysis divulged stability of the
docked complex. Codon optimization, in silico cloning and immune simulation analysis
demonstrated suitability of the construct. These findings are likely to aid in vitro studies
for developing vaccine against HRV-C. Acta Biol Szeged 67(1):xx-xx (2023)
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Introduction

Human rhinoviruses (HRVs), first discovered in 1950’s,
are non-enveloped RNA viruses belonging to the Picor-
naviridae family (Glanville and Johnston 2015). It infects
the upper and lower respiratory tracts in humans (Arruda
etal. 1995; Jakiela et al. 2008) and is accountable for acute
respiratory complexities in various ethnicities worldwide
(Rotbart and Hayden 2000). HRVs are associated with
common cold, wheezing, asthma, pneumonia, chronic
obstructive pulmonary disease, and flu-like symptoms
(Arden and Mackay 2009; Cordey et al. 2010). They have
a high rate of mutation assisting adaptability and trans-
missibility (Cordey et al. 2010). HRVs are categorized
into HRV-A, HRV-B, and HRV-C respectively (Hao et
al. 2012). Multiple lines of evidence have revealed that
HRV-C is more predominant and virulent compared to
HRV-A and HRV-B (Hao et al. 2012). The high virulence
of rhinovirus C stems from its ability to bind to host cells
using cadherin-related family member 3 receptor (Scully
et al. 2018). HRV-C is linked to severe symptoms. It is
responsible for greater respiratory damage (Palmenberg
et al. 2010). HRV-C has been linked to asthma exacerba-

tions worldwide in children (Bizzintino et al. 2011; Mak
et al. 2011). Some workers have found a distinct correla-
tion between maternal atopy and asthma in offspring
(Miller et al. 2011). HRVs comprise many serotypes whose
categorization is based on factors like receptor specific-
ity, predisposition to antiviral responses, similarity in
nucleotide sequences, etc. (Lau et al. 2010). The genome
of HRVs is made up of a single gene. Nevertheless, its
translated product yields structural and non-structural
proteins (Jacobs et al. 2013). The capsid contains structural
proteins viz. VP1, VP2, VP3, VP4, and VPg whereas non-
structural proteins function in replication and assembly
(Palmenberg et al. 2010).

Acute airway infections are the major cause of morbid-
ity and mortality worldwide. Although HRV-C is more
virulent and linked to the high incidence of asthma,
chronic obstructive pulmonary disease in adults, and
severe respiratory complexities in children (Bochkov
and Gern 2012), little has been achieved in developing a
vaccine in the last 70 years. However, the development
of effective vaccines is time-consuming and costly. For
clinicians, the antigenic diversity of HRVs, the number of
serotypes along with lack of good animal models became
stumbling blocks for developing vaccines (Papi and Con-
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