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Nghién cliu va ting dung mang truyén thdong céng nghiép
trong hé théng xu ly nuéc thai sinh hoat
tai thanh phd Quy Nhon

P§ Viin Can*, Trin Xuan Khoa
Khoa Ky thudt va Cong nghé, Trueong Dai hoc Quy Nhon, Viét Nam

Ngay nhdn bai: 29/05/2024; Ngay swa bai: 04/10/2024;
Ngay nhdn dang: 16/10/2024; Ngay xudt ban: 28/02/2025

TOM TAT

Xur 1y nudc thai 1a rat quan trong dbi véi cac khu vue do thi ¢é dam bao bao vé moi truong va strc khoe
cong dong. O thanh phd Quy Nhon, viéc quan 1y hiéu qua nude thai sinh hoat lién quan dén viée thu thap no tir
cac khu dan cu khac nhau va xir 1y tai mot co s¢ xir Iy tap trung. Viée tich hop mang truyén thong cong nghiép va
hé thong giam sat va thu thap dir liéu (SCADA), vao qué trinh nay co thé cai thién dang ké hiéu qua van hanh va
giam chi phi. Bai bao ndy nhom tac gia di nghién ctru 4p dung mang truyén thong cong nghiép trong hé thong xur
Iy nudc thai cua thanh phé Quy Nhon dé giam chi phi van hanh va nang cao hiéu qua quén ly trong viéc xir Iy cac
su ¢6 van hanh. Két qua thuc nghiém tai Phong thi nghiém Mang truyén thong cong nghiép va SCADA (314A7),
Trudng Pai hoc Quy Nhon di cho thay hiéu qua rat cao.

Tir khéa: Mang truyén thong cong nghiép, SCADA, tram bom, hé thong xir Iy mueée thai, thanh phé Quy Nhon.

*Tac gia lién hé chinh.
Email: dovancan@gqnu.edu.vn

https://doi.org/10.52111/qnjs.2025.19101
Tap chi Khoa hoc Truong Dai hoc Quy Nhon, 2025, 19(1), 5-16 | 5



QUY NHON UNIVERSITY

I SCIENCE

Research and application of industrial communication networks

in the domestic wastewater treatment system
for Quy Nhon city

Do Van Can*, Tran Xuan Khoa

Faculty of Engineering and Technology, Quy Nhon University, Vietnam

Received: 29/05/2024, Revised: 04/10/2024,
Accepted: 16/10/2024,; Published: 28/02/2025

ABSTRACT

Wastewater treatment is crucial for urban areas to ensure environmental protection and public health. In

Quy Nhon city, effective management of domestic wastewater involves collecting it from various residential areas

and treating it at a centralized treatment facility. Integrating industrial communication networks and Supervisory

Control and Data Acquisition (SCADA) systems into this process can significantly improve operational efficiency

and reduce costs. This paper examines the application of industrial communication networks in the wastewater

treatment system of Quy Nhon city to reduce operational costs and enhance management efficiency in handling

operational incidents. Experimental results from the Industrial Communication Network and SCADA Laboratory

(314A7) at Quy Nhon University have shown very high effectiveness.

Keywords: Industrial communication networks, SCADA, pumping stations, wastewater treatment system,

Quy Nhon city.

1. INTRODUCTION

Wastewater management is a fundamental aspect
of life and development in modern societies.
The collection and treatment of wastewater
significantly affect both the environment
and the economy, on local and global scales.
Thus, it is essential to engage in activities that
guarantee proper wastewater management. This
is especially true in urban and densely populated

areas, where finding optimal solutions for
sewage systems, including wastewater treatment
plants, is crucial.'?

The primary objective of a wastewater
treatment plant is to treat water from various
sources by eliminating its pollutants.** Typically,
this process is carried out in four or five stages,
as depicted in Figure 1.

ik
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Pump station

Domestic
wastewater
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Sludge
separation

Remove biological Chemical Secondary  Sludge deposition

solids treatment

Figure 1. Wastewater treatment process.?

*Corresponding author.

Email: dovancan@gqnu.edu.vn

https://doi.org/10.52111/qnjs.2025.19101

treatment  sedimentation

6 | Quy Nhon University Journal of Science, 2025, 19(1), 5-16



QUY NHON UNIVERSITY

I SCIENCE

« Pre-treatment, or mechanical treatment, involves

removing solids and larger papers from the water.
* Following pre-treatment is biological treatment.

* Chemical treatment occurs after the biological

treatment.

 The subsequent step is secondary sedimentation,
which entails gathering all the waste and sludge
from the treatment process and separating it
from the purified water.

» Lastly, the sludge is collected and dried
through various methods.

The wastewater treatment system in Quy
Nhon city, operational since 2014 following
significant investment, has markedly enhanced
the city's environmental sanitation. Wastewater
is collected and conveyed to the Nhon Binh
Treatment Plant, which has a capacity of 14,000
cubic meters per day.

NHOMEINH
WHTE  E

(2" gy

In recent years, a significant number of
centralized wastewater treatment plants have
been established in both large and medium-
sized urban areas, including Hanoi, Bac Ninh,
Vinh, and Can Tho, with the support of the
Vietnamese Government and various international
organizations.

Consequently, the presence of toxins in
wastewater poses a significant health hazard to
operational personnel. Therefore, the adoption
of automated or remote control methodologies
emerges as a critical necessity in the management
of wastewater pumping and treatment processes.

Presently, the Binh Dinh Civil and
Industrial Project Management Board has
recommended that the Provincial People's
Committee enter into an agreement with
URENCO and UDC for the management and
operation of the facility and 12 wastewater
pumping stations, employing on-site personnel.’
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Figure 2. Diagram of Quy Nhon city wastewater pumping and treatment system.
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Wastewater treatment systems globally
collect water from various stations and transport
it to treatment centers. There is an increasing
emphasis on implementing remote management
solutions to reduce issues encountered during
operation, particularly concerning
pipelines and pumping stations.®’” The City
of Seattle's
ranks among the largest in Washington State,
encompassing sanitary, combined, and partially
separated combined sewers. In areas served by
sanitary sewers, stormwater runoff is channeled
into a storm drainage system, while sewage is
transported through city sewers to extensive
pipelines and treatment facilities. These larger
infrastructures are owned and operated by the
King County Department of Natural Resources
and Parks (DNRP).®

system

wastewater collection system

The Nhon Binh Wastewater Treatment
Plant is a component of the Quy Nhon City
Environmental Sanitation Project, financed
through non-refundable aid from the global
fund. Officially

in 2017, the plant utilizes advanced negative

environmental inaugurated

filtration technology, incorporating air and
biological trickling filtration processes.

Currently, the new technology application
solution (OPC UA) has not been applied to the

PLC S7 -1500 Cloud Database

water treatment system in general, and Quy
Nhon city in particular. The authors' proposal
will bring many technical and economic benefits.

The authors propose the adoption of
Supervisory Control
(SCADA) for the wastewater treatment system
of Quy Nhon city (Figure 3).

and Data Acquisition

Data is stored in the SCADA database
and preprocessed to eliminate outliers and fill
in missing values. The process monitoring and
control functions are collectively organized,
demonstrating their ongoing and collaborative
use in the system. This preprocessed data is
crucial for detecting and identifying sensor
faults, as well as for monitoring the operational
processes of the plant.”!?

Significant advancements in computer
technology have led to the development of both
wireless and wired communication protocols,
such as MODBUS, OPC DA, and OPC UA. These
innovations make it feasible to collect and compile
extensive datasets. Consequently, this provides
operators, engineers, and maintenance staff with
sophisticated analytical tools, facilitating cost
reduction, the avoidance of unnecessary repairs,
and improved time and plant management.
Importantly, these advancements also contribute
to safeguarding the health of operators.!"!2

Wastewater treatment

m

Pump station

Figure 3. Applying industrial network to manage wastewater treatment system of Quy Nhon city.
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o Benefits of wastewater treatment from the
SCADA system are:

* Reduce chemical exposure

e Control the amount of wastewater and treat it
appropriately

* Economic efficiency

* Integrated control of environmental and
weather impacts

» Record the history of the entire process
* Monitor the status of remote pumping systems
2. IMPLEMENTATION

2.1. Management solution for wastewater
collection station in Quy Nhon city

In certain scenarios, wastewater treatment
systems are established directly at the discharge
location. Within the scope of this study, the
oversight of the Wastewater Treatment Plant
falls under the jurisdiction of the Department of
Power and Utility. The outcomes of the treatment
process include water that has been neutralized
to a pH level devoid of hazardous and toxic
substances, and sludge that is prepared for
disposal at a designated site for hazardous and
toxic materials.’ In the city of Paraty, collection
systems utilize piping networks. A significant
challenge associated with the vacuum system
was the anticipated operational and maintenance
costs, given the city's limited experience and
expertise with such collection systems. It has
been determined that for Paraty, adopting
a uniform, consistent, and straightforward
collection system would be the most suitable
approach.

Implementing a comprehensive wastewater
management solution for Quy Nhon city entails the
integration of monitoring systems, the optimization
of collection infrastructure, and the assurance
of efficient treatment processes. Collaboration
with local authorities, the deployment of sensor
networks, and the application of data analytics

are key strategies to improve operational
efficiency and the assessment of environmental
impacts. To manage the wastewater collection
station system effectively, the authors utilize the
Modbus communication network (Figure 4).

Modbus is a Client/Server protocol. In
simple terms, this means that the server, often
a PLC, does not send any data until the client,
in this case, the SCADA, requests it. In other
words, there is no way for a PLC to send data to
the SCADA if a sensor has a change in value. In
practice, this means that the SCADA will have to
request data from all PLCs to look for a change
in the data, even if the data might have been
unchanged since the last time. An exception
to this is OpenMbus, where the client is able
to subscribe to the server which then sends an
update every time a value changes.

First, the program from the computer
connects via an ethernet network through a
switch including PLC, HMI, and computer to
upload the program to the PLC. This program
controls the motor through the inverter using
Modbus RTU communication.

Then, data at the pumping stations will be
sent to the wastewater treatment center via the
industrial communication network (Ethernet) by
fiber optic cable.

Figure 4. Wastewater collection station management
system.

https://doi.org/10.52111/qnjs.2025.19101
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2.3. Communication solutions for the system

To exchange data between pumping stations and
processing centers, we create a communication
system. They supervisory control and data
acquisition. The radius of Quy Nhon city's
wastewater pumping and treatment system is
about 10 km, suitable for applying Ethernet
network based on OPC UA platform.

Dashboard ERP & MES SCADA

B <) UL o

i A Information
=HOPC U Teshnoloqy

Operational
Technology

Controller 1 Controller 2

Etheni'et/IP

Figure 5. Ethernet industrial communication protocol.

OPC-UA was previously OPC Classic,
based solely on technologies developed by
Microsoft. Although useful and efficient, the
system's reliance on Windows has prevented its
development in the modern factory. Released
since 2015, OPC UA retains all the functionalities
of OPC Classic, except that it is 100%
independent of the platform used, simplifying the
implementation and maintenance of information
systems. Unlike its predecessor, OPC UA can be
used on Linux, Mac OS, Microsoft Windows,
i0S or Android. Figure 5 is an OPC UA protocol
in industrial communication.

Having an increase in determinism
within the network will help to perform real-
time data transmission. Within the WWTP
facilities, measurement devices, control and
communication equipment are required to report
real-time date to the SCADA system, but other

https://doi.org/10.52111/qnjs.2025.19101

equipment like VoIP or surveillance cameras
will not require this. An industrial managed
Ethernet switch with network management
software built-in is required in order to increase
determinism for all field equipment data
transmission.

Set the IP Address with the BOOTP/DHCP
Tool. The BOOTP/DHCP tool is a standalone
server that you can use to set an I[P address. The
BOOTP/DHCEP tool sets an IP address and other
TCP parameters.

The EtherNet/IP Address Commissioning
Tool provides additional functionality than the
BootP/DHCP tool.

Access the BOOTP/DHCP tool from one
of these locations:

* Programs > Rockwell Software® >
BOOTP-DHCP Tool > BOOTP-DHCP

» Tools directory on the Studio 5000®
environment installation CD.

Add the Device to the Controller Organizer:

After installing a device and setting the
IP address, add the device to the Controller
Organizer in a programming software project.
This addition establishes 1/O control.

Before initiating operation, it is essential
to download the project to the host controller.
Once the controller starts, it establishes a
connection with the device, and the device's
configuration dictates its behavior. To construct
the I/O configuration for a standard I/O network,
adhere to the following steps:

1. Add the device.
2. Add the remote device for distributed I/O.

3. Add the I/O modules. This graphic shows the
I/0 configuration of the consumer controller
after distributed I/0O modules are added.

10 | Quy Nhon University Journal of Science, 2025, 19(1), 5-16
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Figure 6. The I/O configuration of the consumer
controller.

To configure the device, follow these steps.

1. Make sure that the device is installed, started,
and connected to the controller.

2. In the Controller Organizer, right-click the
device and choose Properties.

2.4. Construction of SCADA system for
wastewater treatment center

Wastewater treatment encompasses a range
of processes and equipment units, including
screening, pumping, aeration, sedimentation,
filtration, neutralization, chlorination, residual
removal, sludge digestion, and effluent discharge.
These processes necessitate an automated
monitoring system to verify the proper operation
of each equipment unit and minimize worker
exposure to pollutants, pathogens, or hazardous
chemicals. The adoption of Open Platform
Communications Unified Architecture (OPC
UA Figure 7) can potentially lower the costs
associated with engineering and maintaining
an loT network, as well as bolster data security

from the field level to the cloud.”

An application architecture was designed
by letting the application act as both a SCADA
and HMI. Depending on what level of the
architecture you place it and to where it stores its
data, this becomes possible.

| G, 4G, 5G

{ E “‘E‘l"ﬁ Azure

Ethernet | Wi-Fi / Cellular

“HPC UA

Industrizl Cellular Router
IGH-2421

e B [

OFC UA Ethernet VO
REMOTE ASSETS

“#APC UA

ADAM-E300

..

WiFi AP
EKI-£3313 Ethermet ! Wi-FI
Existing PLC, “HPC UAT
Powar Metar,
Water Meter, RTU WISE-Edgelink

H i 11| ————»
: Serlal | Ethernet

LEGACY DEVICES Industrial Gateway

ECU-1000

MEC-T 1061

—
Etharnat

Innuntrlal FC I Server Managed/

Unmanaged Ethernat Switch
EKI|-2528

%

Edge Al Computar

CONTROL ROOM UA

WebAccess/SCADA n oot sl

L Tz -
Local 1D Concentrator
ADAM-IS00

T RS

Local Operator Panel
SPC-E00

LOCAL ASSETS

Figure 7. Wastewater treatment plant system diagram.
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Take a pump as an example:
* Power consumption (kW)
e Pump flow (m*/h)
* Setpoint for pump flow (m?*/h)
* Is active (true/false)
* Has any active alarms (true/false)

* Manual mode active (true/false)
2.5. Experimental results and discussion

To evaluate the proposed solution, the authors
tested each function of system X in the
laboratory. From there, it confirms its feasibility
when applied in practice.

The results are divided into three layers
where layer one describes the overview of
all systems and correlates to level one in the
high performance HMI as described section.
Layer two correlates to level two in the high
performance HMI hierarchy and speaks of sub
systems and objects in the workviews. Finally,
layer three presents the details of a specific
object and correlates to levels three and four of
the hierarchy.

- Experimental equipment

The authors introduce some of the main
equipment available in the laboratory to serve
the experimental process of this research content.
The main control unit for the treatment plant is
the S7-1500, IoT 2050 Ethernet communication
module, the main control of the pumping station
is the S7-1200 and the pump control inverter as

Figure 8. Experimental model of wastewater pumping
and treatment system.

https://doi.org/10.52111/qnjs.2025.19101

- Modbus communication for pumping
stations

The model is implemented with three
inverters, each linked to a specific wastewater
pump responsible for transferring water from the
storage tank to the pressure pipeline. The control
and programming for this pumping station setup
are executed using the PLC S7-1200 (Figure 9).

Figure 9. Pump station monitoring and control model
based on Modbus RTU network.

Parameters are within allowable limits
and are updated continuously every 1 s, ensuring
real-time calculation for shrimp pond monitoring
systems. In addition, the above system can
provide a common database for scientists,
shrimp hatcheries, fishery extension centers and
so on. In addition, the above data is also daily,
monthly, and yearly graphed to store historical
parameters Figure 9, and Figure 10.

UMz

‘Back | [ PUMBA

Figure 10. Results of running the model in Auto mode.

Start the system running in Auto mode,
and set the system's on/off time, alternating
time, and pipe pressure limit. When the low level
sensor receives, pumps 1 and 2 run alternately
according to the set time and frequency. If the
level sensor receives an average value, both
pumps 1 and 2 will run at the set frequency.

12 | Quy Nhon University Journal of Science, 2025, 19(1), 5-16
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Ifthe level sensor receives a high value, all
3 pumps 1, 2 and 3 will run at the set frequency.
If the pipeline pressure exceeds the set pressure,
the system will stop the pump and warn.

During operation, the system continuously
monitors the pump's operating frequency,
voltage, and current.

- SCADA system for wastewater treatment

plant
PLC 1
CPU 1513-1 PN
e PLC_Z PROFINET 10-Syste __fomcmemce
PLC 2
CPU1212C

Ijtiv_e 1
G120C PN
PLC 2 u

Figure 11. Experimental model of control center.

B Delta DOP-107EY Emulator, V1.0116, Online Mode

-| PAC H

=5
2

In wastewater treatment plants, the
SCADA system operates in a more complex
manner, with the program being implemented on
the PLC S7-1500.

Like the pumping station, the treatment
plant features a vast array of inputs and outputs,
facilitating extensive data exchange. The
SCADA system onsite constructs parameters,
enabling data communication with 12 pumping
stations via the Ethernet network. This setup,
grounded in the OPC UA platform, ensures
compatibility across all devices and various
operating systems. Some parameters were
selected to experiment with the research content,
to reflect the applicability of the content of this
paper (Figure 12).

- X
| NAOH || H2s04 |

Remove mud
i i_F

=
-

PUMPS PUMP10

A

PUMP 1 PUMP 2

FUMF 2 H

Air conditioning tank

BE THU GOM

MSK

Sludge tank

Clarifier Sterilize

Figure 12. Experimental results of SCADA system at wastewater treatment plant.

If SS P1 is in state 1 (P1=1) and SS P2
is in state 0 (P2=0), then pump 1 and pump 2
are eligible to operate. These two pumps operate
alternately according to the set time, progressing.

Pump water from the collection tank to the
equalization tank to regulate the amount of water.
Next, pump 3 and pump 4 in the equalization
tank will operate alternately to pump water to

https://doi.org/10.52111/qnjs.2025.19101
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the tank where the stirrer is located. If pump 3 or
pump 4 operates, MK 1 will operate. Pump 7 and
pump 8 will operate for x minutes and rest for x
minutes (x is the previously set time).

MK2 and MK3 operate alternately. At
the sedimentation tank, the sludge scraper will
operate for 10 minutes and rest for 5 minutes.
The sterilization tank and chemical pumps will
operate according to the set time. At the sludge
tank, if SS P3 (P3=0) has not yet been activated,
pump 5 operates to pump the amount of water
and sludge settled at the bottom of the tank to
the sludge tank. At the sludge tank, pump 6
operates to pump the unsatisfactory amount of
water. The treatment request is returned to the
collection tank to continue the treatment process.
Otherwise, when P3 (P3=1) is activated, pump
5 stops operating, and at this time, pump 11
operates to pump the sludge to the sludge drying
yard for treatment. mud. SS-pH and SS-sludge
sensors are two sensors for measuring water pH
and turbidity.

At the disinfection tank, pump 9 and
pump 10 will pump CLO and NaOH chemicals
to disinfect water to meet standards before being
discharged into the environment. The aerator
operates for 10 minutes and has a 5-minute break
to blow air into the tanks in the system.

In case SS P2 is active (P2=1), pump 1
and pump 2 in the collection tank stop operating
and stop the process of pumping water to the
equalization tank to avoid filling the tank and
draining water, when the amount of water is
pumped to another tank of the tank. The system
reaches the point where sensor P2 is no longer
active (P2=0), then pumps 1 and 2 will operate
normally again.

In case SS P3 operates, pump 5 stops
working and pump 11 operates and will pump
the sludge from the sludge tank to the sludge
drying tank for treatment...

If an unexpected problem occurs during
system operation, the system alarms and the
operator presses Stop. After fixing the problem,

https://doi.org/10.52111/qnjs.2025.19101

the system continues to operate again when we
press Start.

- loT communications for wastewater
treatment systems

Equipment for selecting experimental
configurations in the laboratory is V-BOX
H-WF, Server-based https://web.asean.v-box.net

A Laak
Real-time Data Alarm Historical Data
Basic
Device Name DHQN1

status  Online %

Access Key V14000220901007180da3bce383

Model V-BOX H-WF

Industry Sector Industry v

Max. alarm records 10000

Location latitude  latitudk longitude

Figure 13. Experimental configuration of IoT

communication system.

The monitored parameter is the wastewater
level at 12 internal pumping stations. The optimal
control algorithm for the pumping system is
mentioned in other content. The experimental
value is set at 0 - 100 cm, corresponding to the
monitored wastewater level and pile pressure so
that the control system at the stations can operate
1 - 3 pumps.

Pump station wastewater level monitoring system based on IoT

Set the water level SV: 100

Measured wastewater level value PV: 55

B \Wastewater level
Level 4o

40
30
20

10:28:45 10:29:00 10:29:15  10:29:30
Real time

Figure 14. Monitor wastewater levels at pumping

stations.
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The results show that controlling remote
values through research content works stably.
Parameters can be displayed and set remotely
via the S7-1200 PLC control system (Figure 14).

3. CONCLUSION
The paper has achieved the following results:

The authors offer a solution to manage the
entire wastewater pumping and treatment system
for Quy Nhon City.

At pumping stations, the paper proposes
to use the Modbus industrial network system to
manage pumps and pipeline pressure.

At the central processing plant, the paper
proposes to use an industrial Ethernet network
system based on the OPC UA platform to
manage the processing system and upload data
to the Cloud.

It uses industrial IoT communications to
link data exchange between the pumping station
and the wastewater treatment center.

After the paper's content is deployed,
it brings many benefits such as: Increasing
system reliability, managing data via Cloud,
automatically amount of
wastewater, especially reducing health damage

to operators.

controlling the

Experimental results at the Industrial
Network and SCADA Laboratory of Quy Nhon
University, the research results of the paper are
applicable in practice.
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TOM TAT

Trong bai bio nay, chiing t6i nghién ctru tinh én dinh va én dinh hoa ciia cac hé tuyén tinh timg phan hai mé hinh cé
tr& thoi gian bing cach st dung cac phiém ham Lyapunov-Krasovskii tron. Nhitng déng gép méi ciia bai béao bao gdbm: (1)
thiét 1ap mot tiéu chuén én dinh méi dua trén phiém ham Lyapunov-Krasovskii tron dé dam bao tinh dn dinh tiém cén cua
hé diéu khién trong truong hop khong co diéu khién dau vao va (2) dé xuit mot didu kién du cho sy tén tai mot diéu khién
nguoc tuyén tinh trang thai dé bn dinh tiém can hé théng khi c6 diéu khién ddu vao. Cudi cung, mot s6 vi du sb duoc chon

loc dé minh hoa cho tinh hiéu qué ciia phuong phap da dé xuit.

T khéa: Hé tuyén tinh timg phan cé té thoi gian, phiém ham Lyapunov-Krasovskii bdc hai timg phan, én dinh héa hé

hai mé hinh.
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ABSTRACT

In this paper, we study the stability and stabilization of time-delayed bimodal piecewise linear systems via smooth

Lyapunov-Krasovskii functionals. The main contributions of the paper are twofold: (1) a new stability criterion based on

the proposed smooth Lyapunov-Krasovskii functional is derived to guarantee asymptotic stability in the case of zero inputs

and (2) an interesting condition is proposed to design linear state feedback controllers to stabilize the system which is less

conservative than those previously reported in the literature. Finally, some numerical examples illustrate the effectiveness

of proposed methods.

Keywords: Time-delayed piecewise linear systems, piecewise quadratic Lyapunov-Krasovskii functionals, bimodal system

stabilization.

1. INTRODUCTION

In recent decades, piecewise affine (PWA) systems
have received much attention in the field of system
and control theory. Each PWA system can be seen
as a switching one that is characterized by a finite
collection of affine time-invariant dynamics together
with a state-dependent switching law that is ruled by
a polyhedral partition of the state space.! PWA sys-
tems also form an important subclass of hybrid sys-
tems and they can be found in several engineering ap-
plications: power converters, robotics, relay control
systems, etc. PWA systems are also interesting mod-
els to be used for approximating complex nonlinear
dynamics. Analysis and design of PWA systems are
therefore important as a first step to establish hybrid
control theory.

Among the fundamental problems of system the-
ory, the issues concerning stability and stabilization
of PWA systems have been intensively studied for
both cases: without and with time delays. For the first

*Corresponding author.

Email: lequangthuan@gqnu.edu.vn

https://doi.org/10.52111/qnjs.2025.19102

case, these problems are well-studied such as for gen-
eral vector fields in the papers, >3 and for continuous
ones in the papers.*°® With the appearance of time
delays, there have been also existed many works de-
veloped over the past years, for instance, in the pa-
pers.”® In the paper,’ the authors investigated a class
of piecewise time-delayed systems by using piece-
wise quadratic functions to derive stability criteria in
term of LMIs and matrix equations. However, with
these employed results, one can not solve the issue of
state feedback controllers design to stabilize the sys-
tems. The paper® has proposed a method to design
a piecewise linear state feedback controller to make
the closed-loop system asymptotically stable. In this
research direction, there are some restrictions. The
first one is that from the LMIs combined with matrix
equations that guarantees the continuity of Lyapunov
functions for stability it is difficult to develop results
about feedback controller designs. The second one
is that the system under consideration requires non-
Zeno behaviors. Note that the non-Zeno property has
been established for continuous piecewise affine sys-
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tems without time-delays in the papers.®~'! However,
one can not obtain similar results for the case of time-
delayed PWA systems. Therefore, checking for non-
Zenoness of time-delayed PWA systems becomes an
impossible task.

Motivated by the above mentioned challenges,
we study the stabilization of time-delayed bimodal
piecewise linear systems in this paper. Our approach
also uses piecewise quadratic Lyapunov-Krasovskii
functionals. However, the functionals are developed
such that asymptotic stability works for more general
solution concepts, i.e., Carathéodory solutions, and
the obtained LMIs can be employed to design a linear
state feedback controller to stabilize the system. The
main contributions are that by employing the special
structure of such a functional, stability criteria will be
derived for continuous bimodal time-delayed piece-
wise linear systems. Moreover, the derived LMIs can
be employed to design a linear state feedback con-
troller preserving continuity and stabilizing the sys-
tem. It is worth to mention that there are only a few
papers studying the stabilization of PWA systems by
linear state feedback controllers taking quadratic Lya-
punov function.* Finally, our approach is therefore
hopefully generalize for more general multi-modal
piecewise affine systems.

The rest of this paper is organized as follows. Sec-
tion 2 introduces notations and preliminaries. In Sec-
tion 3, we introduce time-delayed bimodal piecewise
linear systems and present related preliminaries. This
will be followed by stating and proving the main re-
sults of stability issue and stabilization of continuous
time-delayed PWL systems in Section 4. The pro-
posed theoretical results are validated by numerical
examples in Section 5, before concluding the paper
in Section 6.

2. NOTATIONS AND PRELIMINARIES

Denoted by R the set of all real numbers, R the set
of all non-negative real numbers, and R"} the set of
all n-tuple non-negative real numbers. The notation
R™ ™ denotes the set of all real n x m matrices and
the transpose of a real matrix M € R™*™ is denoted
by MT. The notation He(M) stands for the matrix
M + MT. A symmetric matrix Q € R™*" is said to
be positive definite, writing Q > 0, if 27 Qx > 0 for
all non-zero x € R™. We write Q@ < 0 if —Q > 0.
For a positive definite matrix (), the notation A(Q)
stands for its the maximum eigenvalue. For 7 > 0,

C([—,0],R™) denotes the normed space of continu-
ous functions from [—7, 0] to R™ endowed with the
norm

I¢llc = max{p(s) | s € [-7,0]}.
Also, C!([—7,0],R") denotes the space of continu-
ously differentiable functions from [—7, 0] to R™.

Next, we introduce the following auxiliary re-
sults.
Lemma 2.1. Let Py, P, € R"™*"™ be symmetric ma-
trices. The piecewise quadratic function

Fla) = {wTPlx ichw <0,
2T Pyx g'ch:U >0
is
a) continuous if and only if there exist h € R such

that
Py = Py + hel + ch?. (1)

b) continuously differentiable if and only if there exist
v € R such that

Py =P, + el 2)

Proof. a) On the one hand, the function F' is contin-
uous if and only if the following implication holds

r=0= 27(P, - P)x=0.

On the other hand, this implication is equivalent to
the existence of & € R™ such that

2T(Py — Pz =2(cTz)(hT )
=27 (he” + ch Tz

forall z € R™, ie, P, — Py = he? + ¢hT. There-
fore, F' is continuous if and only if (1) holds for some
h € R™.

b) It can be seen that F' continuously differentiable if
and only if

e =0 = Pux=Pu. (3)

Thus, it suffices to show the equivalence between (3)
and (2). The implication ”(2) = (3)” is obvious. To
prove its converse, the condition (3) implies the exis-
tence of p € R™ such that

P1 - P2 = pCT.
Then, due to the symmetry of P, P, we further get
pcl = ¢p” and hence

epDe  e(pTe Te
(cpT)e _clp'c) pc
cT'c cTe cTcC =e

T

c
wherevszeR. O

cl'e
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Lemma 2.2. For any vectors x,y € R™ and positive
definite matrix P € R"*"™, one has

20Ty < 2T Px +yT P~ Yy,

Lemma 2.3. Let X, Y € R™*". Let F € R"™*"™ be
a symmetric positive definite matrix. Then, one has

XTFYy + YTFX <AXTFX +4 YTFY
forany v > 0.

Proof. 1t follows from the fact that

T
(ﬁX - \/TlY) F (ﬁX - \/TlY) >0,
due to the positive definite property of matrix '. [

The last lemma is well-known in the field of lin-
ear control theory called S-lemma that provides a
characterization of symmetric positive definite ma-
trices using Schur complements.

Lemma 2.4 2, Let Q € R™*™ R € RF*F S ¢
R™*k The following statements are equivalent.

Q S

o) lgr g

> 0;

b) R>0andQ — SR™'ST > 0;
¢) @Q>0and R— STQ~1S > 0.

3. TIME-DELAYED BIMODAL PIECEWISE
LINEAR SYSTEMS

Consider the time-delayed bimodal piecewise linear
systems with inputs

Arx(t) + Agz(t — 7) + Bu(t)
a(t) = if Tz (t) <0, (4a)
Az (t) + Agx(t — 7) + Bul(t)
ifcl'x(t) >0,

x(s) = ¢(s),s € [-1,0] (4b)

where = € R" is the state and (¢) denotes its deriva-
tive with respect to time ¢, v € R™ is the input,
the positive number 7 is the time delay, the matri-
ces Ay, Ay, Ay € R™" B € R"™™ and ¢ € R"™ are
given. The initial function ¢(s) is in C([—7, 0], R™).
For this work, the right-hand side of (4a) is assumed
to be continuous; equivalently, there exists e € R”
such that

Ay — Ay =ecl. 5)

https://doi.org/10.52111/qnjs.2025.19102

Definition 3.1. Consider the system (4) for a given
continuous input v € C(R4,R™). A continuous
function x : [—7, 00) — R™ is said to be a solution of
system (4) for the initial function ¢ € C([—7, 0], R™)
if z(s) = ¢(s),Vs € [-7,0], z is differentiable on
(0, 00) and satisfies (4a) for all ¢t > 0.

Note that the existence and uniqueness of such a
solution follow from the theory of non-homogeneous
ordinary differential equations with continuous right-
hand-sides. The corresponding solution is denoted by
x"(t; ). In the case that u(t) = 0, it is simply de-
noted by z(t; ¢).

Remark 3.1. For 7 = 0, the system (4) boils down to
bimodal PWA systems that is the main object studied
in the paper* for stability and stabilization.

Definition 3.2. We consider the system (4) without
inputs, i.e., u(t) = 0. The system (4) is said to be

a) stable if for any € > 0, there exists § > 0 such
that ||ollc <0 = |lz(t)|| < eVt = 0.

b) asymptotically stable if it is stable and there is
a positive number §; such that

lelle <8 = lim [lz(6)] = 0.

To study the stability of system (4), we will em-
ploy continuous functionals as follows.

Definition 3.3. A continuous function w : R® — R
is said to be positive definite if w(0) = 0 and w(z) >
0 for all z € R™.

Definition 3.4. We say that a continuous functional
V. : C([-7,0,R") — R is positive definite if
V(0) = 0 and there exists a positive-definite function
w : R™ — R such that w(¢(0)) < V(¢) forall ¢ €
C([-r,0],R™).

The following proposition yields a sufficient con-
dition to ensure the asymptotic stability of system (4).

Proposition 3.2 ‘'3, Consider the system (4) with-
out inputs. The system (4) is asymptotically stable
if there exist a positive-definite functional V'(¢) and
a positive-definite function w(x) such that the value
of the functional along any selections z; of solution
x(t) of the system is differentiable by ¢, and its time
derivative satisfies the inequality

dt

where z4(s) := x(t + s),s € [-7,0].

—w(x(t)) forall t > 0,

20 | Quy Nhon University Journal of Science, 2025, 19(1), 17-27
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4. MAIN RESULTS

In this section, we will provide a novel method to de-
sign state feedback controllers for stabilizing system
(4). To do so, a suitable class of smooth Lyapunov-
Krasovskii functionals (LKF) is first introduced and
discussed. By employing the proposed LKFs, a new
criterion on asymptotic stability is derived only in
term of linear matrix inequalities (LMIs). Then, these
LMIs are used to design a linear state feedback con-
troller to stabilize the system.

4.1. Lyapunov-Krasovskii functionals

In the literature of time-delayed piecewise affine sys-
tems, piecewise quadratic LKFs have been often used
to study the stability of systems.®® Such a functional
is basically composed from two parts: a piecewise
quadratic Lyapunov function and an integral func-
tional defined on the space C*([—7,0],R"), with 7

is the delay, as
V() = Vi((0)) + Va(p), ¥y € C'([~7,0, R"),
(6)
where the functional V5 : C!([-7,0],R") — R, is
defined as

/ / s)dsdn,

for some positive definite matrices @, R and the
quadratic piecewise Lyapunov function V; : R" —
R, is defined corresponding with a given polyhe-
dral subdivision {X;}%_, of R"; that is, Vi (z) =
2T Pz whenever z € X;. The matrices P; are often
chosen in such a way that V; is positive definite and
it is continuous across region boundaries®®. In our
point of view, the restriction when one uses this kind
of Lyapunov functions is that the stability of solutions
only can be applied for the systems whose trajectories
do not have Zeno property. To our best of knowledge,
checking for non-Zeno property of time-delayed bi-
modal pieceiwse linear systems is impossible since
there is no available paper about the non-Zenoness
of time-delayed piecewise linear systems. Therefore,
in this work, we develop Lyapunov-Krasovskii func-
tionals in two aspects: requirements that 1} is con-
tinuously differentiable and relaxation on the integral
functional that it has more general form of piecewise
quadratic one. It turns out that such requirements im-
pose certain relations on the involved matrices in the
literature of bimodal piecewise linear systems.

4.2. Stability analysis

By employing the proposed smooth piecewise
quadratic LKFs, we now establish a novel stability
criterion presented in term of linear matrix inequali-
ties.

Theorem 4.1. For system (4), suppose that there ex-
ist the symmetric positive definite matrices P,Q, R €
R™™ and h € R", v € R such that the following
statements hold

P+ et >0,Q+ hel +ch” >0, (7a)

2rA2TRA%Z - Q <0, (7b)
21 AZTRAZ — (he” + ch” + Q) <0
(I)l TP
<0, 7
TP —7TR (7¢)
P P T
A ] I O
T(P 4 yec') —-TR

where ®1 = He(P(A1+A44))+Q+27AT ATRA A
and ®; = He{(P + vec')(Ay + Ag)} + Q +
He(hel) + 27 AT AT RA Ao. Then, the system (4) is
asymptotically stable.

Proof. Let us consider the piecewise quadratic
Lyapunov-Krasovskii functional

V:CY[-7,0,R") = R
defined by

V(p) = Vi(»(0)) + Va(e),
where

TP zifclz 0,
Vi(z) = -

2T Pyzif e’z ,

with P, = P, P, = P + ~vcc! and

0
Va(p) = / F(p(s))ds

0 ;0
—I-/ 90
—Jy

(s) AT RA4p(s)dsdn.

where
T e T
2t Qizifct 2 <0,
F(z) = T o T
2t Qozifct 2z 2 0,
with Q1 = Q, Q2 = Q+ hc! +ch™ . Due to (7a) and

Lemma 2.1, V5 is continuous and positive. Thus, one

has
0

V(g) = Va(p(0)) + / Flp(s))ds

—T

https://doi.org/10.52111/qnjs.2025.19102

Quy Nhon University Journal of Science, 2025, 19(1), 17-27 | 21



QUY NHON UNIVERSITY

I SCIENCE

0 0
+ / / o1 (s) AL RA4p(s)dsdn
Y

—T

> Vi(p(0)),Vp € C'(|-7, 0], R").
This inequality shows that the functional V" is positive
definite on C'([—7,0],R™).

For any initial function ¢ € C([—7,0],R"), let
x(t; ) be the corresponding trajectory of system (4)
and define x(s) = x(t + s;¢),s € [—7,0]. Then,
x; € CY([—7,0],R") for each t > 7 and by simple
transformations we get

Vi) = Vile(to) + [ Flalsso)ds
[ e iy

for all t >
can verify that

7. Using Newton-Leibnitz formula, one

i) = GGt~ Aa [ ilsods, ©

where

Observe that by Lemma 2.1 and due to (7a), V; is
continuously differentiable with respect to z. On the
other hand, z(t) := z(t; ¢) is continuously differen-
tiable with respect to ¢. Therefore, V'(x;) is continu-
ously differentiable as a function of variable ¢ defined
on |7, 00) and its derivative is computed as

Vi) = 5 v +

S L

For the first term on the right-hand side of (9), by
taking the derivative and employing (8), one gets

o) = (52.0)

= ()T Pi(t) + 2T (t) Pii(t)

t—7

s)ATRA 2:(s )dsdn}. 9)

t

= 22T (t)Pi(A; + Ag)x(t) — QxT(t)RAd/ z(s)ds.

t—1
On the other hand, due to Lemma 2.2, we can estimate
the following term

t
—2]}T(t)PiAd/ z(s)ds
t—1
t
_ / 22T () P Agi(s)ds
t—7

https://doi.org/10.52111/qnjs.2025.19102
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¢
< 72T () PRI Pix(t) +/ i (s) AT RAqi(s)ds
t—T1

2T () {(Ai + A)T P, + Pi(A; + Ag)

+ 7P R'P}a(t) + /t T (s)AY RAi(s)ds.
o (10)
For the second term on the right-hand side of (9), we
have
d t

a ), F(x(s))ds = F(x(t)) — F(a(t — 7))

= 2" (1)Qix(t) — 2" (t — 7)Qu(t — 1) (11)

forsome i, j € {1,2}. For the third term on the right-
hand side of (9), we note that

il L
B /_T{dt /tt T(s) A7 RAqi(s)d }dn

_ / YT () AT R A (1)

-7

(s) AT RAqi(s)dsdn

0
_ / (¢ + ) AT RAgi(t + n)dn

-7

t
— T () AT RAZ(t) — / i (5) AT RAgi(s)ds
t—T1

and

T (t) AT RA (1)
= (Ajz(t) + Agz(t — 7)TATR
X Ag(Ax(t) + Agz(t — 1))
= 2T (t)AT ATRAG Az (t)
+ 2l (t — 1) AT RAZ2(t — 1)
2T () AT ATRA Aq(t — 1)
+ 2T (t — 1) ATATRA A (t)
< 22T () AT ATRA A x(t) + 227 (t — 7)
x AXTRA%x(t — 1)
where the last inequality is due to Lemma 2.2. There-
fore, one obtains

il L

<212l (1) AT AT RAG A (t) + 27T (t — 1) A2T

s)AT RAi(s)dsdn

t
x RA%x(t — 1) — / i (s) AT RAqi(s)ds
Jt—T1
(12)
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A combination of (10), (11) and (12) yields

x(t)
x(t—7)
where Hgg = -Q; + 2TA§TRA3 and
IIY, = He(P(A + Ag) + TPR'P +
Qi + 2TAiTAdTRAdAi. By Schur complement

(Lemma 2.4) and the assumptions (7b)-(7d), we fur-
ther obtain

Tr .
I, 0

d x(t)
0 It

%V(%) s x(t—7)

w(z) = 2" max{-A(Il};), —A(ITf) }.

This fact together with Proposition 3.2 yields the
asymptotic stability of system (4). O

4.3. Linear state feedback stabilization

An interesting application of stability conditions de-
rived in Theorem 4.1 is that they can be employed to
design a linear state feedback controller

u(t) = Kz(t) (13)

that makes the following closed-loop system is
asymptotically stable

(A1 + BK)x(t) + Agz(t — 1),
i) = ifc’x(t) <0 (14a)
(Ao + BK)x(t) + Agx(t — 1),
ichx(t) >0

x(s) = p(s),s € [-1,0]. (14b)

Theorem 4.2. Consider the system (4). Suppose
that there exist symmetric positive definite matrices
P,Q,R € R™™ g matrix U € R™ " and scalars
v > 0,1 > 0 such that

-yR  R?

2 _ap <0 (15)

and the following statements hold
-Q Pc

4 <0, 16
R (16a)

—Q \/iTﬁ)A?iT Pe
V2rA2P 1R 0| <0, (16b)
P 0 —

W, V2rrTAl

~ 0 16
\/§TAdF1 —TR <% ( C)

Wy \/iTFgAdT rPccl A
\/§TAdF2 —TR 0 0
iy ~ <0,
cc' P 0 —TR 0
AT 0 0 z
(16d)

where U; = He{(Ai—i—Ad)Is—&—BU}—FQ—i—TR, ;=
A;P + BU, ¥ = diag(—~I, —41, -5, —77), and

A= |P(Ay+ A)T + UTBT Pec” TRe 7TPc|.

Then, there exists a linear state feedback controller
u(t) = Kx(t) such that the closed-loop system (14)
is asymptotically stable.

Proof. Define P :== P~1 > 0,Q := P 1QP! >
0,R:=R'>0,K:=UP 'and h := —c/(2p).
We prove that the matrices P, ), R, h together with

the scalar ! fulfill the conditions of Theorem 4.1,
in the framework of closed-loop system (14).

1) First, it is obvious that P + 5 'ec” > 0 since
P > 0and 4 > 0. Next, one has

Q+hel +cht =Q — ptec”
— PGP -y telT
=P HQ - p ' Pec’ P)P7E >0
due to (16a) and Schur complement.
2) To verify the claim (7b), note that it follows from
(16b)
— Q — [ﬂrlz’AgT ]50}
- -1
—-TR 0
0 —n

~ - 1T
x [VarPaz Pe| <o

or equivalently
—Q +2rPATRTVA2P 4 w1 PecT P < 0.
By pre-multiplying and post-multiplying by P~lin
the above inequality, one gets
2rPAZ’RTIA2P — Q — hel' — ch”
= 27PA2TRYA2P — Q + ptec! <.
Note that = tec” > 0, the above inequality also im-

plies that 27 PA2" R~1 A2 P — @ < 0. The claim (7b)
is verified.

3) Next, we verify the claim (7c). Due to (16c), we
have

He{(A, + A)P+ BU} +Q + 7R
+27(A P+ BU)TATR™Y A4(A1 P + BU) < 0

https://doi.org/10.52111/qnjs.2025.19102
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Substituting /' = K P and then pre-multiplying and
post-multiplying by P~ in the obtained inequality,
one gets

P(Ay + BK + Ay) + (A, + BK + A)TP +Q
+27(A+BK)T AT RA4(A1+BK)+7PR™'P < 0.

This is equivalent to (7¢) in the context of closed-loop
system. The claim (7¢) is verified.

4) Finally, we verify the claim (7d). Note that the
(16d) implies

TR0 0
o [V2rTf AL rhec” Al | 0 7R 0
0 0 %

N T
X {\/iTFgAg 7Pcc” A} <0
or equivalently

He{(A; + Ag)P + BU} +Q + TR
+ 27T AT R ATy + 7Pec’ R™1 Pec”
+(P(As + Ag)" + UTB")77 (A2 + Ag) P+ BU)
+ ﬁccT’y_lccTP + Téc’y_lcR + Tpcﬁ_lcp < 0.
(17)

Note that in the context of closed-loop system, the
LMI

Dy (P47 tecT)

< 0, 18
(P +7 tech) —TR (18)

is equivalent to

He{(P+7 'ech)(Ay+ BK 4+ Ag)} +Q—p tec”
+27(As + BK)T ATRA4(Ay + BK)
+7(P+7 tec ) RTI (P + 347 ec!) < 0.

By pre- and post-multiplying by P!, the above in-
equality is equivalent to

(A2 + BK + Ag)P~' + P~ (Ay + BK + Ay)”

+77 P lec (Ay + BK 4 Ag) Pt

+ 3P YAy + BK + Ag)Tec' P~ + P7IQP!
+27P AL + KTBT)AYRA4(Ay + BK)P™!

—u P led P rRT 4 T P e R

+ 73 'R e PY

+ 7P tec’3 2R e P < 0. (19)

On the other hand, applying Lemma 2.3, we have
P lec”(Ay + BK + Ag)P7?

https://doi.org/10.52111/qnjs.2025.19102

+ P YAy + BK + Ag)Tect P71
< P leclccl p1t
+ P YAy + BK + Ad)T(AQ + BK + Aq) P71,
and
P lec’ R+ Rtect PY
< P lee" P+ R e RN
Moreover, the LMI (15) yields ¥~2R~! < R. There-

fore, the inequality (19) holds if the following one ful-
fills

(As + BK + Ag)P™' + P~ (Ay + BK + Ag)"

+57 1P el e’ P4 PIQPY — P e P
+ 4 P YAy + BK + Ag)T(Ay + BK 4+ Ag) P!
+27P (AT + KTBTYATRA4(Ay + BK)P !

+ 7R Y437 P e P 4 13t R e R

+ 7P e’ Rec’ P7Y < 0.

Note that the later inequality is followed from (17)
where P = P71 > 0,R = R! >0, Q =
P~1QP~! > 0. The proof of claim (7d) is done. [J

Without time-delays, we get the corollary.

Corollary 4.3. Consider system (4) with T = 0. Sup-
pose that there exist a positive definite symmetric ma-
trix P € R™", a matrix U € R™" and scalar
5y > 0 such that

He((A; + Aq)P + BU) < 0,

and R

LG A Pect

AT AT 0 <0,

cc™P 0 —A~1

where U = He((Ay + Ag)P + BU), and A =
P(Ay + Ag)T + UT BT Then, there exists a linear
state feedback controller u(t) = Kx(t) such that the
closed-loop system (14) is asymptotically stable.

Remark 4.4. Our developed results can be applied to
discontinuous time-delayed bimodal piecewise linear
systems with inputs. In fact, for such systems, we may
employ a state feedback controller as

u(t) = Ka(t) + {

Kyz(t) néu c"z(t) <
Kox(t) néu clz(t) >
where the gains K7, K are first designed in such a

way that the closed-loop system is continuous, i.e.,
satisfying

(A] — As) + B(K; — K3) = he®
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for some i € R™ and the gain K is designed to stabi-
lize the system

(/Nh + BK)xz(t) + Agz(t — 1)
if Tx(t) <0
(Ay + BER)x(t) + Agze(t — 1)

ifc’z(t) >0
(20)

@(t) =

with 4; :== A, + BK;, i = 1,2.

5. NUMERICAL EXAMPLES

In this section, we present two numerical examples to
illustrate the effectiveness of the proposed stabiliza-
tion conditions for both cases: with and without time
delays. The first example is considered as a bimodal
piecewise linear system with time delays. In the sec-
ond example, we collect a bimodal piecewise linear
system without time delays.

Example 5.1. Consider the planar time-delayed bi-
modal piecewise linear system

Arz(t) + Age(t — 1) + bu(t),
clx(t) <0

Asx(t) + Ag(t — 7) + bu(t),
clz(t) >0

() =

1)
where ¢T = [—1 2} T = {0.3 0} and

Ay =

Foru(t) = 0and 7 = 0, the system (21) is not asymp-
totically stable as shown in Fig. 1,

4 x10"

ro
[l
—

state trajectories

o 0.5 1 15 2 25 3 35 4 45 5
times

Figure 1. Trajectories of system (21) for 7 = 0, u(t) =0
and starting at 20 = (—3,3)7.

For 7 = 0.025, we would stabilize the system by us-
ing linear state feedback controller. To do so, we find

-2 _4,A2: ) _4,Ad= 1 3.
2 3 -1 -2 -5 2

the matrices P, Q, R, the numbers 7, x satisfying (15)
and LMIs (16a), (16b), (16¢), (16d) of Theorem 4.2.
Note that condition (15) is not an LMI. However, we
can take R = 51. Then, it is an LMI in . Solving the
LMIs, we get K = UP~! = [—1513.4 5681.6] .

20

EA ]
X5t}

=
=

state trajectories
o
~
P

=01 0 0.1 0.2 0.3 0.4 0.5 0.6

times

Figure 2. Trajectories of the closed-loop system between

system (21) and controller (13).

Figure 2 shows the trajectories of the closed-loop sys-

tem that is composed from the system (21) and

the state feedback controller u(t) = Kz(t) =
—15134 5681.6} x(t) for initial function

—3 +sint

, t € 1—0.025,0],
2+ cost [ ]

o(t) =

This trajectory asymptotically converges to the ori-
gin.

In the rest of this paper, we validate our method
to stabilize a practical bimodal piecewise linear sys-
tem without time-delays that appeared in the work, '
Example 21, and compare our achievements with the
available methods in'4.

4

Figure 3. Three water tanks system, source in.'
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Example 5.2 "%, Consider a three water tanks sys-
tem as illustrated in Fig. 3 that is taken from the pa-
per.'* Let z; be the water level of tank i, (i = 1, 2, 3),
and u be the volume of water discharged into tank 1.
The valve at tank 2 is open if x5 > 0 and closed if
9 < 0. For simplicity, all coefficients are normal-
ized to 1. Then, dynamic equation of the system in
the neighborhood of origin is

i(t) = Ayz(t) + bu(t) if T a(t
| As(t) + bu(t) if Ta(t

) <0
) =0 @
where ¢! = [0 -1 0} bl = [1 0 0} and

-1 0 O -1
Ai=1 -1 0],4=]1

—
I
—_
o o o
E==)
—_

Without input, i.e., u(t) = 0, the origin is not asymp-
totically stable.'* Based on the theory developed in, !4
a state feedback controller has been derived to sta-
bilize the system using piecewise linear functions as
follows

{le(t) it Ta(t) <0
u(t) =

Koz (t) ifcl'z(t) > 0

with Ky = [-1 =2 0] . Kz = [0 —2 0].In
fact, such controller transforms a continuous bimodal
system into a discontinuous closed-loop one, but it
is still well-posed in the sense of Carathéodory solu-
tions. !> It worth to mention that one does not get such
lucky in general.

Taking our proposed approach, we solve the in-
volved LMIs of Corollary 4.3 and get the matrices
U= [-02548 —0.4668 —0.0143] and

0.2690 —0.2156 —0.0517
P=1-0.2156 0.3749  0.0513
—0.0517 0.0513  0.6138

Then, the gain K of linear state feedback controller
is

K=UP'= [73.6140 ~3.3159  —0.0504] .

https://doi.org/10.52111/qnjs.2025.19102
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Figure 4. Trajectories of the closed-loop three tanks system

with two kinds of controllers.

Figure 4 shows the trajectories of closed-loop systems
for the initial state x(0) = col(—1,—1,1) that is
composed from system (22) and state feedback con-
trollers: the linear state feedback controller u(t) =
Kux(t) (solid lines) and piecewise linear state feed-
back controller (dash lines)

(t) = Kiz(t)ifclz(t) <0
T Kon@) it Ta(t) > 0.

Our controller yields a better stabilization.

6. CONCLUSIONS

In this paper, we studied the stability and stabi-
lization of time-delayed bimodal piecewise linear
systems via smooth Lyapunov-Krasovskii function-
als. The main contributions of the paper are in-
cluding: (1) new stability criteria based on the pro-
posed smooth Lyapunov-Krasovskii functional were
derived to guarantee asymptotic stability in the zero
inputs and (2) an interesting condition was estab-
lished to design a linear state feedback controller to
stabilize the system which is less conservative than
before in the literature. Finally, some numerical ex-
amples illustrate the effectiveness of proposed meth-
ods.
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Nghién cuu thu thap di liéu va giam sat
chat lugng dién ap st dung Ad-hoc LoRa va PLC Siemens
théng qua mang truyén théng Modbus TCP/IP
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TOM TAT

Mot trong nhitng van dé nghién ctru quan trong trong linh vuc do ludng thong minh 14 dam bao truyén tai
chinh xéc cac s6 lidu do luong tir cac diém thu thap dit liéu dén cac thiét bi giam sat. Dam bao d6 6n dinh va tinh
lién tyc ctia qué trinh truyén dan ludn 1a vu tién hang dau trong cac tmg dung nay. Bai bio nay nghién ctru va xay
dung hé thong giam sat thong sb vé dién ap cua ludi dién cua cac diém dan cu, cac diém c6 hé thdng dién riéng
biét, str dung phwong thirc truyén thong khong day Lora. Muc dich ciia bai viét nay 14 kiém tra tinh kha thi ciia hé
thong trong moi truong do thi khi sir dung céc thiét bj don gian, nho gon va dé 1ap dat, van hanh va bao dudng don
gian. Pién ap cua diém can giam sat dwoc kiém tra, cc gia tri nay duoc g tir cic Node vé trung tam st dung kién
trac mang Ad-hoc LoRa network cho kha nang tu thiét 1ap va duy tri két néi mang véi nhau ma khong phu thude
vao co sO ha tﬁng mang ¢6 dinh. Cac Node trung gian cé thé dugc thém vao dé dam bao tinh 6n dinh va mé rong
cho mang ludi vai chi phi thép. Dir liéu sau khi thu thap dugc hién thi trén giao dién Wincc Unified ctia Siemens.
Viéc sir dung thiét bi giam sat 1a PLC cung giao thirc Modbus TCP/IP cho phép t6i wu hoa kha ning tuong thich
cua hé théng khi trién khai vao thuce té tai cac co s von ludn c6 sin thiét bi PLC. Hé théng vén hanh trén thuc té
vG1 d0 chinh xac cao, hé théng hoat dong 6n dinh, dap ung dugc cac yéu clu vé do tin cay va thoi gian phan hoi
ctia hé thong giam sat va thu thap dit liéu. Nghién ciru nay di chimg minh ring Ad-hoc LoRa c6 thé 1a giai phap
thay thé cho hé thong truyén thong sir dung mang vién thong hién nay.

Twr khéa: Ad-hoc LoRa network, Modbus TCP/IP, Kalman filter, Wincc Unified, Smart Metering System.

*Tac gia lién hé chinh.
Email: tranxuankhoa@qnu.edu.vn
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ABSTRACT

Ensuring the accurate transmission of measurement data from data collection points to monitoring devices
is a crucial research issue in the field of intelligent measurement. Stability and continuity of data transmission
processes are of paramount importance in these applications. This paper investigates and develops a voltage
monitoring system for the power grid at sites with separate electrical systems, utilizing LoRa wireless communication
technology. The objective of this study is to assess the feasibility of the system in urban environments using devices
that are characterized by being simple, compact, and easy to install, operate, and maintain. The voltage at each
point is measured and then transmitted from the Nodes to the Base using an Ad-hoc LoRa network architecture.
This architecture enables self-establishment and maintenance of network connections without relying on fixed
network infrastructure. Intermediate Nodes can be added to ensure stability and scalability of the network at a low
cost. Collected data is displayed on the WinCC Unified interface of Siemens. Using a PLC as a monitoring device
with the Modbus TCP/IP allows optimizing the system's compatibility when deployed in facilities that always
have PLC equipment available. The system operates with high accuracy and stability, meeting the requirements
of reliability and response time for the monitoring and data collection system. This study has demonstrated that
Ad-hoc LoRa can be an alternative solution to the current telecommunication network communication system.

Twr khéa: Ad-hoc LoRa network, Modbus TCP/IP, Kalman filter, Wincc Unified, Smart Metering System.

1. INTRODUCTION data collection plays a vital role by providing

. . . ntial and timely information for the analysi
With the rapid development of our nation's essential and timely info . ation forthe a ays. 5
. . . . . management, and operation of the power grid.
economy, residential, commercial, and industrial o )
) } ) The use of advanced monitoring technologies
loads increasingly demand higher standards
. such as smart sensors, automated systems, and
for the development of the power grid and the i . .
SN, lied. 1 Collecting d artificial intelligence enables operators to gain
quality of electricity supplied.™* Collecting data, a comprehensive and detailed view of the grid's

monitoring, and analyzing the parameters of the performance. Data collected from these devices

power grid are crucial in the management and and systems can be analyzed to detect potential

operation of the grid. As the demand for electricity issues early, optimize operational processes,

and the complexity of the grid continue to grow, and make strategic decisions regarding the

*Corresponding author.

Email: tranxuankhoa@gqnu.edu.vn
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operation, maintenance, upgrading, and expansion
of the system.

Nowadays, collecting data from points
along transmission lines through hilly and
sparsely populated areas using 4G cellular
networks provided by telecom operators offers
several advantages. This method allows direct
data transmission to a central hub, ensuring
high-security levels through the use of modems
provided by the network operators. However,
the requirement to equip 4G modems from the
network provider implies initial investment
and significant

costs operational expenses

(approximately 20-30 million VND per modem
and an annual fee of around 1 million VND per
Node). In certain cases, power transmission lines
traverse complex terrain and encounter limited
telecommunications infrastructure. Maintaining
stable connectivity under such conditions poses
significant challenges. Particularly, the need for
continuous 24/24 operation pushes devices into
a thermal overload state, resulting in frequent
disconnections from the central hub. This not
only impedes data collection but also affects
the effectiveness of system monitoring and
management within the electrical grid.

BIEU B8 Ti LE KET N&H CAC THIET BI PP, NR TF:EN LU BIEN TRUNG AP BDPC VA DL QUA CAC
TH

2 —

NG

——[GOFC ——DLTF ——DLPC

aak ——DLFT

LRy -

T

—DLN ——DLk: ——DLlS oLep

Fi

Figure 1. Connection rate of devices on the medium voltage grid of BDPC and DL through the months of 2023.

from Binh Dinh
Provincial Power Company regarding the

Here are statistics

connectivity loss rates of communication devices
within the province’s power grid in 2023. The
chart illustrates the highest connectivity rate
at approximately 98%, with most devices
maintaining connection levels fluctuating
around 95% of total operating time. However,
certain segments experience lower connectivity,
reaching only 79.4%. Ensuring reliable data
collection necessitates maintaining consistent

connectivity.

On the other hand, wireless networks such
as ZigBee, Wireless Fidelity (Wi-Fi), Narrowband
Internet of Things (NB-IoT), SigFox, and Long
Range (LoRa) are increasingly developing and
have the potential to provide multiple options
for wireless communication systems.® Among
these, low-energy consumption networks with
long communication ranges, such as LoRa, help
overcome coverage and internet access issues in
remote areas where networks like Wi-Fi cannot
reach.* Wireless technology opens the door
for the more efficient and flexible deployment

https://doi.org/10.52111/qnjs.2025.19103
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of monitoring systems, particularly in areas
with challenging geographical conditions and
limited telecommunications infrastructure. This
not only presents opportunities for expanding
the range and accuracy of monitoring systems
but also helps optimize the cost and reliability
of the system.

In this paper, an Ad-hoc LoRa network
is employed to develop a network of devices
for collecting and transmitting voltage data to
a central hub, with a focus on optimizing data
transmission and ensuring connection continuity.
A complete system has been constructed and
deployed in Quy Nhon City to assess the project's
feasibility.

2. RELATED WORKS

Traditional power grids are continually
evolving in the era of smart grids. This
evolution necessitates the implementation of
precise monitoring strategies to assess system
conditions. Eduardo Viciana and colleagues
have proposed a multifunctional device model
capable of measuring and calculating data
related to energy and power quality features
in three-phase electrical networks. Designed
to perform advanced calculations involving
voltage, current, frequency, power, and energy,
this device addresses the growing demand for
accurate monitoring in our interconnected power
systems.’

Roach and colleagues deployed smart
meters in 129 commercial buildings to
investigate the impact of load profiles on
building characteristics.® Additionally, Czétany
and colleagues evaluated the database obtained
from using smart meters to determine electricity
consumption profiles based on time series data
and annual load patterns.” Sanchez-Sutil and
colleagues developed a device for monitoring
and controlling the functions of a power quality
analyzer using a LoRa LPWAN (Low Power
Wide Area Network).?

Low Power Wide Area Networks
(LPWANSs) represent a promising solution

https://doi.org/10.52111/qnjs.2025.19103

for long-range, low-power communication
in Internet of Things (IoT) and Machine-to-
Machine (M2M) applications. These networks
are resource-constrained and have critical
requirements, including long battery life,
extended coverage, high scalability, and cost-
effective device deployment. LPWANSs enable
devices to operate for 5-10 years using battery
power as their energy source.” The advent of
these technologies has led to the emergence of
new services supporting data collection across
diverse organizations in industries, academia,
and government. Deployments of such solutions
have already begun, utilizing sensor devices to
gather various types of data.'

Rodrigues-Junior and colleagues utilized
smart metering systems to monitor power
quality, thereby detecting disturbances in smart
grids."! Preti Kumari and her colleagues have
proposed an intelligent measurement system that
saves energy by utilizing Edge computing and
Long Range (LoRa) technology.'*

Duetothe Low-Power Wide-Area (LPWA)
networks not adhering to the TCP/IP protocol
and utilizing their own proprietary protocols,
LPWA-equipped sensors face challenges in
direct Internet connectivity, Jumpei Sakamoto
and colleagues have established a TCP/IP
network via LoRa and are exploring ways to
enhance TCP communication performance using
the Private LoRa interface.!>!*

This study proposes a solution for data
collection and voltage quality monitoring. The
system employs voltage sensors connected to an
Arduino to read voltage values at the observed
nodes. Then, the collected data is transmitted
to a central via an Ad-hoc LoRa network. At
the central node (Base), the TCP/IP protocol
facilitates communication between the Ad-hoc
LoRa network and existing industrial devices,
such as Programmable Logic Controllers (PLCs).
The monitoring interface is built on WinCC
Unified, enhancing integration with established
systems.
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Figure 2. Overall structural block diagram of the system.

3. Ad-hoc LoRa NETWORK FOR ENERGY
GRID

LoRa (Long Range) is a wireless communication
technology that enables long-distance data
transmission with minimal energy consumption.
The Ad-hoc LoRa network for power grids
offers a flexible and cost-effective solution for
monitoring and controlling electrical systems.
This network allows easy deployment without
the need for fixed communication infrastructure,
reducing costs and deployment time. LoRa
devices can connect thousands of network nodes
simultaneously, efficiently collecting data from
various points within the power system.'®

ByutilizingLoRanetworks, grid operators
can remotely monitor and manage devices in
the power grid. This includes measuring energy
consumption, detecting faults, and optimizing
grid operations. These capabilities enhance the
reliability and efficiency of the electrical system
while minimizing downtime and maintenance
costs.

3.1. Sensor layer

The data collection layer comprises sensor
nodes and measurement devices, serving the
primary purpose of gathering and processing

physical data. The collected data may include
current intensity, voltage, as well as parameters
from smart electricity meters, or variables such
as temperature and humidity inside electrical
cabinets.

In this study, the voltage sensor was
employed to collect voltage data from various
locations within the power grid. The three-phase
voltage data obtained from these sensors undergo
noise filtering and are subsequently forwarded to
the next processing layer.

3.2. Communication network layer

The components of the
include sensors at data collection points, data
concentrators, and the data management system.
Remote data collection and monitoring of energy
consumption are crucial for both end-users and
operators (electric utility companies or providers).

main network

In the system, sensor devices (Nodes)
transmit collected data to a central hub (referred
to as Base) through an Ad-hoc LoRa network.
The wireless Ad-hoc LoRa network consists of
self-forming nodes that operate independently
of existing infrastructure. These nodes manage
the network and control tasks using distributed
algorithms and multipoint routing, where packets
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are relayed by intermediate nodes, enhancing
network efficiency.'®

The key advantages of Ad-hoc LoRa
networks include adaptability to specific
needs and the ability to form a network with
any available nodes. They also offer cost-
effective investment, operational efficiency, rapid
deployment, simplified reconfiguration due to
their distributed architecture, and integrated
redundancy features. This flexibility allows for
the establishment of a network between nodes
without the need for complex infrastructure
structures.'” The data transmission process can
be carried out in the following ways:

- Direct transmission from the sending point
to the destination: When two points are within
the connection range, data will be transmitted
directly to the destination.

- Transmission via intermediate nodes: If the
destination and sending point are beyond the
connection range, intermediate Nodes which
located between the sending point and the
destination will be used to establish a network. In
this configuration, data will be forwarded from
point to another until it reaches the requested
destination in the packet. This setup allows
for expanding the data transmission range and
overcoming physical barriers

3.3. Application layer

Through LoRa, Nodes transmit data to the Base,
including the following information:

- Node Address: Each node device in the system
is assigned a unique address for identification
and differentiation. The greater the distance
from the Node to the Base, the higher the address
number (this address is determined during device
configuration).

- Data: Nodes collect information as required. in
this project, voltage data is collected. After noise
filtering, the data is transmitted to the Base for
analysis and monitoring of the operational status
of the measurement points.

- Received Signal Strength Indicator (RSSI):
The LoRa signal strength is a crucial parameter

https://doi.org/10.52111/qnjs.2025.19103

for assessing the quality of the connection
between the node and the Base. It affects the
communication range and the system’s stability.

- Signal-to-Noise Ratio (SNR): This is the ratio
of the received signal power to the noise floor
level.

- Timing: The interval between two packets from
the Nodes. This parameter is used to evaluate the
continuity of the connection between the Nodes.

All data transmitted to the Bases will
be sent to the SCADA system via the Modbus
TCP/IP protocol. The monitoring and operation
system of the power sector can easily integrate
this data to understand and control the system’s
performance.

4. METHODOLOGY AND DESIGN

In this project, the authors implement an
Ad-hoc LoRanetwork based on LoRa technology
to transmit data to the control center, with the
primary application being the monitoring of
power quality at designated locations. Several
parameters, such as voltage stability and phase
loss, are collected to preliminarily assess the
power quality at the connection points. A
practical system has been constructed using
voltage sensors, Arduino, LoRa modules, and
PLC to evaluate operational capability. In this
system, the voltage sensor collects voltage data,
transmits it to the Arduino for initial processing,
and then sends it to the control center via LoRa
signals. At the monitoring center, the WinCC
Unified interface on the PLC displays the
parameters received from the Arduino through
Modbus TCP/IP communication.

- Node connection structure: The node utilizes
an Arduino Nano, which offers advantages
in terms of size and cost. The entire node is
powered by a battery. Three ZMPT101B AC
voltage sensors are connected to the Arduino
through analog pins. The Lora Ra0l module
is interfaced with the Arduino via the SPI
communication protocol. The voltage signals,
once read, are processed by the Arduino and
transmitted via the Lora module.
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Figure 3. Hardware connection structure.
- Base connection structure: The base - PLC and computer supervisory were connected

connection structure utilizes an Arduino Uno
as the microcontroller, with an Ethernet Shield
W5100 and a Lora Ra01 module interfaced with
the Arduino Uno via the SPI protocol. During
operation, the communication alternates between
the Lora and Ethernet Shield every 50ms. The
Ethernet Shield W5100 enables the Arduino to
establish communication with a PLC through the
TCP/IP protocol.

to a switch where the Base was connected. All

connect using the TCP/IP protocol.

- LoRa is used at the Node and Base, which are
LoRaRa01 modules, along with a -12dB antenna
and a 1.2m cable. The 433MHz frequency band
is suitable for the location in Vietnam. The
Bandwidth is 125 kHz, and the power level is
12dBm.
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4.1. Data input collection

With the varying requirements of the data
acquisition system, different types of sensors
can be utilized to collect data. One of the critical
functions of the system is the collection and
processing of voltage data. The authors employ
the AC Voltage Sensor ZMPT101B to measure
alternating current (AC) voltage. This sensor
is directly connected to an Arduino. After the
sensor collects the voltage data, it is converted to
a direct current (DC) voltage of 0-5 V and then
measured by the Arduino for processing.

To ensure data quality and eliminate
unwanted noise, the authors apply the Kalman

T

iy www i

Py W e I - " e evea  aiboam

AN Y E R
!

filter algorithm. This filter can estimate the true
value of the signal from measurements affected
by noise. This process is a crucial step to ensure
that the collected voltage data is reliable and can
be effectively used in management and control.

Comparisons were made using sensors
from two nodes simultaneously, where one node
transmitted raw, unprocessed data to the control
center, and the other node used the Kalman filter
to process the signal and remove noise, thereby
selecting appropriate coefficients for the filter.

a. Node 200 collected raw data without using
the Kalman filter:

I f\ WM M‘" Vl lj i |*|"|

Wi

T st e

i
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o »

Figure 4. 3 phases voltage data collected from Node 200.

Several criteria were used to evaluate the
reliability of the measurement results over
252 minutes:

Table 1. Amplitude of VAC oscillation in Node 200.

Phase A Phase B Phase C
Min 218.5 217 216.5
Max 229 228 222.99

Table 2. % Amplitude of oscillation and standard

deviation in Node 200.
Phase A Phase B Phase C
% Min 1.27 1.56 1.56
% Max 3.47 3.43 1.40
Standard
o 1.78 1.78 1.63
Deviation

https://doi.org/10.52111/qnjs.2025.19103

The raw data collected from the sensors
exhibited significant amplitude fluctuations,
ranging from 1.27% to 3.47% compared to
the average value. The maximum standard
deviationreached 1.78, indicating a considerable
dispersion of the measured values from the
average. The relative accuracy of the raw data
ranged from 0% to 4.5%.
parameters

These statistical
and relative accuracy indicate
that the unprocessed raw data is significantly
affected by measurement noise and errors,
failing to meet the necessary reliability and
accuracy requirements for related applications.
Therefore, appropriate signal processing and
filtering measures must be implemented to
improve data quality before use.
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Figure 5. Voltage analysis in Node 200.
b. Node 201 collects data and processes noise
using the Kalman filter

Several criteria were used to evaluate the
reliability of the measurement results over 252
minutes:

Table 3. Amplitude of VAC oscillation in Node 201.

Phase A Phase B Phase C
Min 218.55 217.01 216.50
Max 224.49 223.95 222.98

Table 4. % Amplitude of oscillation and standard
deviation in Node 201.

Phase A Phase B Phase C
% Min 0.74 1.48 1.64
% Max 1.96 1.67 1.30
Standard
o 0.48 0.83 0.96
Deviation

Based on the provided measurement
parameters, an assessment of the accuracy and

reliability of the data after applying the Kalman
filter can be performed.

The amplitude fluctuations of the data
after applying the Kalman filter ranged only
from 0.74% to 1.96% compared to the average
value, indicating significant stability and noise
reduction. The maximum standard deviation was
0.96,showingarelatively concentrated dispersion
of the measured values from the average. The
relative accuracy of the filtered data ranged from
0.5% to 1.8%, demonstrating the high suitability
and reliability of the measurement results after
processing. This ensures that the obtained data
can be used with reliable accuracy.

The statistical parameters and relative
accuracy indicate that the data after applying the
Kalman filter has small amplitude fluctuations,
low standard deviation, and high relative
accuracy, meeting the necessary reliability and
accuracy requirements.
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Figure 7. Voltage analysis in Node 201.

4.2. Ad-hoc LoRa network - Transmit signals to the Base. To ensure data

integrity, each packet is sent three times.
a. Node ety p

- After each cycle, if the Node does not receive a

Each node performs functions: response from the Base, it will send a request for

- Collect and process input data. the Base to resend the previous packet.
- Prepare data packets including: - Receive and process incoming packets:
+ Packet ID + If the packet is not intended for the node

itself, it will forward the packet to the address

+ i . .
Data to be transmitted mentioned in the packet.

https://doi.org/10.52111/qnjs.2025.19103
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< Nodeprogress

”

- Data collection and noise filtering
- Generate the ID (increase 1 each
message) and prepare the message

- Put the message to next position of queue

< Time < Cycle time

< Receive message?

< Receive message?
T~

Y
A4

~_Receive message?

Re-send the message
of failed ID in the queue

N% Send message —

Send request to Base for
re-send message

Send message to address ||
mentioned in the message

N Re-send the message ||
of failed ID in the queue

| /

@de progress

Figure 8. Node general algorithm flowchart.

+ If the packet is intended for the node, it
will check the transmission results:

o Ifthe packet was successfully transmitted,
it will delete the packet with that ID.

o If the packet requests the retransmission
of data for a specific ID, it will resend the
corresponding data packet.

- Data collection node: uses Arduino as the MCU
to collect and process data from sensors, which
is then transmitted via the LoRa Module using a
12db antenna.

- Another configuration that can be deployed
to extend the data transmission range is the use
of an intermediate Node. This node consists
only of an Arduino and LoRa, with the task of
forwarding packets to the destination address
specified in the packet.

<

- In this study, the nodes use batteries through
a voltage converter to power all their activities.
This increases the flexibility of the experiments.

(A) (B)

Figure 9. Intermediate node (A) Data collection
node (B).
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b. Base

The Base performs functions:

- Receive signals from the Nodes. Check the
continuity of the IDs, and if any ID is missing,
send a request to the Node to resend that ID.

- Prepare packets for the Nodes, including the
following information:

+ Destination of the packet

+ Transmission result of the previous packet

‘ Ready for receive message

Receive message
with correct ID

Y
v

Send message
successfully received

Y

Send data include Node address
and data to SCADA application

4

+ Resend request with ID (if any)

- Send data to the SCADA software, including
the Node address and data.

- The Base uses an Arduino connected to a PLC
S7 1200 via the TCP/IP protocol. Data from
the Nodes, once received by the Arduino, is
transmitted through the PLC to be displayed on
the WinCC Unified interface.

Send request
to Node for re-send
message of failed ID in the
queue

End Base progress >

Figure 10. Base general algorithm flowchart.

4.3. Monitoring interface

In monitoring and data acquisition systems, the
user interface (Ul) serves as a critical component
that facilitates user interaction, observation,
and manipulation of the displayed data. This
interface provides a direct means for users
to engage with the system, enabling them to
monitor key parameters and important data, as
well as perform essential tasks such as adjusting
parameters, acknowledging alarms, scheduling,
and analyzing historical data.

In this study, a Programmable Logic
Controller (PLC) was utilized as the communication
device between the LoRa network and the
monitoring interface to meet the requirements

https://doi.org/10.52111/qnjs.2025.19103

for reliability and compatibility with existing
systems. Specifically, a PLC S71200 was
employed to connect to the LoRa Base via
Modbus TCP/IP communication. The collected
data was then transmitted from the Base to
the PLC, which subsequently displayed the
information on the user interface. To ensure high
reliability and compatibility, the WinCC Unified
tool was utilized, offering diverse connectivity
and seamless integration with PLC systems and
other devices. This approach helped optimize
the monitoring and control processes of the
industrial system.

The user interface will display data
including:

40 | Quy Nhon University Journal of Science, 2025, 19(1), 29-48
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- The three-phase voltage at Nodes 200 and 201.

- Received Signal Strength Indicator (RSSI)
from the Nodes over time.

- Signal-to-Noise Ratio (SNR), which is the ratio
of the received signal power to the noise floor
level.

- The interval between two packets from the
Nodes to the Base (Timing).

- All data can be exported to an Excel file using
the WinCC Unified tool at 2-second intervals
throughout the survey period. This data is then
imported into Matlab for analysis and graphing.
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Figure 11. Voltage and signal quality data from Nodes displayed over time on the local web interface using WinCC

Unified.

5. RESULTS
A. Case setup

This study aims to evaluate the feasibility
and effectiveness of using a LoRa wireless
communication network to collect and monitor

voltage data from nodes sent to the control
center. Factors such as distance and terrain
characteristics are prioritized in the scenarios.

To establish the scenarios, several initial
conditions need to be considered when deploying
the Ad-hoc LoRa network. Specifically, the

https://doi.org/10.52111/qnjs.2025.19103
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study will examine different cases regarding the
placement of the Base and Nodes, as well as the
variation in distance between them, including
scenarios with obstacles and open spaces.

The scenarios are designed to assess
the ability to reliably and efficiently collect
and transmit voltage data through the LoRa
network. Parameters such as transmission speed,
reliability, coverage range, and the ability to
cope with terrain factors will be measured and
analyzed.

l

f
-

------

Figure 12. System image.

RSSI (Received Signal Strength Indicator)
and SNR (Signal-to-Noise Ratio) are two crucial
parameters in evaluating signal stability. RSSI
is an indicator that measures the signal strength
received at the receiver. It provides information
about the strength or weakness of the LoRa
signal. A higher RSSI generally corresponds to
a better connection and higher data transmission
capability. SNR is the ratio between the signal
strength and the noise. It measures the quality of
the LoRa signal. A higher SNR indicates that the
LoRa signal is stronger compared to the noise,
thus having a better data transmission capability.

https://doi.org/10.52111/qnjs.2025.19103

In LoRa applications, the continuous
monitoring and optimization of RSSI and SNR
are imperative to ensure stable connections
and optimal data transmission performance.
Additionally, the interval between two packets
is monitored to assess the continuity of the
connection.

The results of this study will provide
important information about the capabilities and
limitations of using the LoRa network in voltage
data monitoring and collection applications. This
will enable designers and implementers to make
appropriate decisions regarding the application
of this technology in real-world systems.

B. Test results

The authors evaluate real-world scenarios with
variations in distance, Node and Base installation
locations, and terrain between the Nodes. This
assessment aims to evaluate signal stability and
the environmental impacts on the experiment.

The energy consumption of each Node is
disregarded in these scenarios.

These devices are mounted on poles 1.8
meters above the ground.

a) Casel: The Base and Node are located in an
open area with few obstacles, while Nodel and
Node?2 are situated along a route flanked by tall
buildings on both sides.

- The Base is located at “PD DH SU PHAM.”

- Nodel is located at “PD EO BIEN,” 476 meters
from the Base.

- Node2 is located at “PD CHO KHU 2,” 282
meters from Nodel.

The survey was conducted over 252
minutes.

Analysis of the distribution of RSSI
(Received Signal Strength Indicator), SNR
(Signal-to-Noise Ratio), and Timing values in
Casel:
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Figure 13. The layout map of the devices in Case 1.

The RSSI values were observed to
fluctuate between -60 dBm and -75 dBm, with an
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average RSSI of -69.18 dBm for the Base-Nodel
connection and -67.67dBm for the Base-Node2
connection. These RSSI levels are considered
quite ideal for applications requiring reliable and
timely data delivery.'®

The SNR values also exhibited a
similar range of 2 dB to 12 dB across the two
connections, with positive SNR indicating that
the received signal was operating above the
noise floor. The average SNR values of 8.96 dB
for Base-Nodel and 8.92 dB for Base-Node?2 are
within the optimal range for LoRa modulation to
perform well.'®
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Figure 14. RSSI, SNR, Timing data between packets from Node to Base in Casel.
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Figure 15. Histogram of RSSI, SNR and Timing
values in Casel.

Table 5. Mean prevalent parameter in Casel.

Mean Base - Node 1 | Base - Node 2
RSSI -69,18 -67,67
SNR 8,96 8,92
Time 4,53 4,57

The maximum time interval observed
was 60 seconds for the Base-Nodel link and
50 seconds for the Base-Node2 connection.
The average time interval between packets is
very similar for both links, at 4.53 seconds for
Base-Nodel and 4.57 seconds for Base-Node2.
The relatively low average time gaps and the
absence of significant deviations suggest that the
communication between the nodes and the base
station is occurring at a reliable and stable.

https://doi.org/10.52111/qnjs.2025.19103

environment. Overall, the observed RSSI, SNR,
and Timing characteristics indicate a robust and
reliable communication system, well-suited for
the targeted applications.

b) Case 2: Both the Base and Node are located
along a road with high-rise buildings on both
sides. The Base and Node2 are obstructed by
a densely populated urban area with many

high-rise buildings.
- The Base is located at "PD EO BIEN"

- Nodel is placed at "PD CHO KHU 2", 282
meters away from the Base

- Node2 is placed at "PD PHAM NGOC
THACH", 293 meters away from Nodel

The survey was conducted over 300
minutes.

In this
transmit data directly to Node 1 due to exceeding

case, Node 2 was unable to

the transmission range.

Figure 16. The layout map of the devices in Case 2.
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Figure 17. RSSI, SNR, Timing data between packets from Node to Base in Case2.

Node 200 RSSI Histogram

Node 201 RSSI Histogram

Table 6. Mean revalent parameter in Case2.

j:j: j::j Mean Base - Node 1 | Base - Node 2
1000 the * | | RSSI -68.16 -68.05
0 0 SNR 8.99 9.00
-80 =75 -10 65 -60 -80 -5 -70 -65 60
sou . Node 200 SNR Histogram su0g_Nede 201 SNR Histogram Time 4.35 4.68
b B Analysis of the distribution of RSSI
et L (Received Signal Strength Indicator), SNR
i 20 (Signal-to-Noise Ratio), and Timing values in
02 4 6 8 10 DZ 4 6 8 10 12 Casez:
s Node 200 Timing Histogram s Node 201 Timing Histogram The RSSI parameter Of the Nodes
o b fluctuated between -78 dBm and -58 dBm,
oo . primarily concentrating in the range of -65 dBm
000 100 to -70 dBm. The average RSSI for the Nodel-

Figure 18. Histogram of RSSI, SNR and Timing

5 10 15 20 25

values in Case2.

Base connection was -68.16 dBm, while for the
Node2-Base connection, it was -67.85 dBm. The
difference in RSSI values between these two

https://doi.org/10.52111/qnjs.2025.19103
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connections could be attributed to the presence
of large trees along the Node2-Base route.
Nevertheless, the values indicate stable signal
strength, ensuring reliable connectivity.'s

The SNR parameter for both connections
fluctuated similarly, ranging from 4 dB to 12 dB.
For the Node2-Base connection, the SNR values
were mostly stable around 9-10 dB, unlike the
Nodel-Base connection, which exhibited more
fluctuation. The average SNR was approximately
8.99 dB for the Base-Nodel link and 9 dB for
the Base-Node2 link, which is ideal for effective
LoRa signal modulation.'

Throughout the survey period, the average
interval between two packets was 4.35 seconds
for the Nodel-Base connection and 4.68 seconds
for the Node2-Base connection. The stable and
high consistency of the RSSI and SNR values
indicate the stability of the connection. The data
transmission speed remained consistently below
4.7 seconds at most times, demonstrating stable
connectivity between the Nodes and the Base
station.

In Case2, both the RSSI and Timing
indices showed fewer similarities compared to
Casel, possibly due to the influence of obstacles
such as trees along the route. However, the SNR
values remained relatively consistent in both
scenarios.

¢) Summary

Practical experiments were conducted to analyze
the impact of distance, installation location, and
terrain conditions on signal strength and data
transmission time between the Nodes and the
Base. The survey was divided into different
scenarios to evaluate the system’s performance
under conditions with few obstacles and
conditions surrounded by tall buildings.

The results indicate that the accuracy of
voltage measurement results was significantly
improved by the Kalman algorithm. The
deployment scenarios for data collection at
existing power system locations in Quy Nhon

https://doi.org/10.52111/qnjs.2025.19103

City demonstrated that the system could operate
stably under various terrain and shielding
conditions.

The system operated stably in both
surveyed scenarios, meeting the reliability and
response time requirements of the application.
Terrain and shielding factors affected the
connection quality, but the system could still
function effectively.

In the absence of obstacles (Casel), the
connection between the Base and the Nodes
was of good quality, with an average RSSI of
approximately -64.2 dBm, an SNR of around 8.9
dB, and a response time of less than 4.6 seconds.
In the presence of tall buildings and trees (Case2),
the connection quality was maintained, with an
average RSSI of approximately -68.1 dBm and a
response time of around 4.5 seconds.

The practical results show that
transmission distance can affect the SNR,
while distance, the presence of obstacles, and
propagation factors influence the RSSI of the
received signal. Along with the stability of the
RSSI signal and data transmission time recorded
in the practical results, the study indicates that
the choice of installation locations for the Node
and Base devices is a crucial factor significantly
affecting the performance of the wireless

communication system.

For applied in practice, when many
practical applications use Lora networks up to
tens of thousands of nodes with star networks
(star nodes) using gateways and data encryption
applications according to Lora Alliance
standards. The methods to expand the number
of system nodes and protect data should be
considered. Furthermore, the use of industrial-
grade hardware should be regarded as an
alternative to the devices proposed in previous
studies. Industrial equipment may provide more
accurate measurement results, which is crucial
for the reliability and performance of LoRa-
based applications.
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6. CONCLUSION

In this paper, the authors propose a measurement
system utilizing a Ad-hoc LoRa network to
transmit data to a monitoring center connected
to commonly available industrial infrastructure.
The system is practically deployed in Quy
Nhon City, comprising one data collection and
monitoring station and two data collection nodes.

Practical experiments were conducted
to assess the feasibility of deploying voltage
and data
urban environment, as well as to analyze the

measurement collection in an
impact of distance, installation location, and
terrain conditions on signal strength and data
transmission time between connection points.
The experimental results indicate that the system
operates stably in an urban environment with
appropriate distances, meeting the reliability
and response time requirements of the system.
However, the LoRa network also includes
other parameters, such as the impact of energy
consumption of the nodes, to provide a more
comprehensive evaluation of the system’s
performance and applicability. Additionally, the
feasibility of deploying the LoRa network on a
larger scale with more nodes should be assessed
to evaluate its practicality for more realistic

scenarios.
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TOM TAT

Cho v, it 1a cac trong chuan tic trén hinh cau don vi Bx ctia mot khong gian Hilbert phric
v6i s6 chiéu tity ¥ va ¢ 1 mot ham chinh hinh trén By, ¢ 14 mot anh xa tuy chinh hinh cua
Bx. Trong bai bao nay, chiing t6i nghién cttu cac dac trung cho tinh bi chan va tinh compact
clia toan tit hop c6 trong Wy, f +— - (f o ¢), tit khong gian kiéu Bloch B, (By) dén khong
gian tang trudng (nho) HP°(Bx), HB(BX) thong qua tinh chat ctia 1), cac phiém ham danh gia
diém 65 (Bx ), va, cac han ché ciia cac dai lugng nay lén cac khong gian con m-chiéu véi m > 2.
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Tw khoéa: Toan ti hop c¢é trong, khong gian Bloch, khong gian tdang trudng, tinh bi chdn, tinh
compact.
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ABSTRACT

Let v, u be normal weights on the unit ball Bx of an Hilbert space X with arbitrary dimension
and 1 be a holomorphic function on Bx and ¢ a holomorphic self-map of Bx. In this work,
we characterize the boundedness and the compactness of weighted composition operators Wy, .,
f = - (f o), from the Bloch-type spaces B,(Bx) to the (little) growth spaces H}°(Bx),
Hg(B x) via function theoretic properties of the symbol ¢ and the point evaluation function

B, (Bx)
Op(2)

, specifically, of the restrictions of functions v, ¢ to the m-dimensional subspaces for

some m > 2. We obtain also the formula of the operator norm of Wy, .

Keywords: Bloch spaces, growth spaces, compactness, boundedness, weighted composition oper-

ator
1. INTRODUCTION

Let &1, & be spaces of holomorphic functions
on the unit ball By of a Banach space X, 1
be a holomorphic function on Bx and ¢ a
holomorphic self-map of Bx. The weighted
composition operator, defined by symbols 1)
and ¢, maps from & to & and is defined by

Ww,w(f) = chw(f) =1 (foyp)

where My, represents the multiplication oper-
ator with symbol ¢ and C,, is the composition
operator with symbol .

In recent years, there has been significant
interest in studying weighted composition op-
erators. A famous theorem developed by Ba-
nach asserts that for a compact metric space
K, the surjective linear isometries of C(K)

*Corresponding author.
Email: duongthanhvy@gqnu.edu.vn

https://doi.org/10.52111/qnjs.2025.19104

are given by T'f = u(f o ¢) where |u(z)| =1
for all x € K, and ¢ : K — K is a homeo-
morphism. Inspired by this theorem, ongoing
research on the characterization of isometries
in Banach spaces of analytic functions has re-
vealed that weighted composition operators
define the isometries of many such spaces, in-
cluding the Hardy space H? (for 1 < p < oo,
p # 2), the weighted Bergman space, and the
disk algebra.'

For a comprehensive overview of various
aspects of the theory of (weighted) compo-
sition operators acting on several spaces of
holomorphic functions, we refer to a standard

reference. 2

There is extensive literature on weighted
composition operators and integral opera-
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tors between specific holomorphic function
spaces. To address these spaces in a unified
way, certain frameworks for Banach spaces of
holomorphic functions on the unit disk have
been introduced.?4

For instance, in reference, 3 established
certain topological and function-theoretic
conditions for the domain space and provided
criteria for boundedness and compactness,
along with estimates for the operator norm
and the essential norm of the weighted com-
position operators that map to the weighted-
type space or the Bloch-type space on the unit
disk. In recent years, there has been significant
interest in the study of weighted composi-
tion operators. More recently, attention has
also focused on composition operators and
operator-valued multipliers in various vector-
valued analytic function spaces, particularly
when X is an infinite-dimensional Hilbert
Space.5_10

In this paper, we aim to consider the
compactness and boundedness of Wy, , when
&1 is a general Banach space of holomorphic
functions and and & is either growth space
HX(Bx) or the little growth space H{(Bx)
determined as follows:

M (Bx)

= {1 en(Bx): swp p2)|f(2)] < oo},

zEBx
1Y (B
M( X)

= {FenrB): Jim u=)|f(2) =0},

ll=l—1

where 7 (Bx) is the space of holomor-
phic functions on Bx and p is a normal
weight on Bx.

Growth spaces are a significant and in-
triguing class of Banach spaces of holomor-
phic functions. They have been investigated
in various contexts, with numerous general

and specialized references available.!?13

Some key properties of these spaces, when
By is the unit disk B C C, include the fol-
lowing:

* For a normal weight p, H7°(B) DO H™
if and only if lim|,|_,; (2) = 0. On the
other hand, if limsup, |, u(z) > 0,
then H, = {0};

® The identity map I HP(B) —
(HyX(B), 7o) is continuous.

® The bidual [H},(B)]” isometrically iso-
morphic to H;°(B);

* The point evaluation functionals 67
on Hj(B) are bounded and can be
uniquely extended to point evaluation
functionals on H;°(B) with the same
nOrms;

® The operator BY)(B) — H°(B), f
1", is an isometric isomorphism, where
B)(B) is the subspace of the Bloch
space B, (B) of functions with f(0) = 0.
It is important to note that the Bloch
space consists of functions character-
ized by the growth of their derivatives,
making it closely related to growth
spaces;

® The maps z ~ J/¢ is continuous, and
|67¢]| goes to infinity as |z| — 1.

These are just a few of the reasons moti-
vating our research.

In Section 2, we review the key condi-
tions for spaces of holomorphic functions that
will be used to establish the boundedness and
compactness of these operators, as well as to
provide estimates for their essential norms in
our context.

To characterize the boundedness and
compactness, and building on the ideas from
59 with minor modifications, we establish
in Section 3 a connection between func-
tions in the growth space H;° (Bx) and

https://doi.org/10.52111/qnjs.2025.19104
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their restrictions to finite-dimensional sub-
spaces. Specifically, we show that if the re-
strictions of a function to m-dimensional sub-
spaces (for m > 2) have uniformly bounded
growth norms, then the function belongs to

the growth space H;°(Byy,), and vice versa.

In Section 4, we characterize the bound-
edness and the compactness of Wy, , from
B,(Bx) into H{°(Bx) and into HY(Bx) as
well as calculate the operator norms. We
will show that these characterizations are
completely determined by their behaviour
on ™ and on the point evaluation func-

v Bu m
[nsﬁj)) and 4 (B()Z‘)), where ™ and

o™ are the restrlctlons of ¥ and ¢, respec-

. B
tions &
@

tively, on the m-dimensional subspaces and

Om) = (@155 Pm), m > 2.

Throughout this paper, we use the no-
tions a < b and a < b for non negative quan-
tities @ and b to mean a < Cb and, respec-
tively, C~'b < a < Cb for some inessential
constant C' > 0.

2. PRELIMINARIES AND AUXIL-
IARY RESULTS

Let X be a complex Hilbert space of arbitrary
dimension, Y a Banach space. Denote by Bx
the closed unit ball of X, and use B,, instead
of Ben. Fix an orthonormal basis (e )ker of
X. Then any z € X can be expressed as

z = szek, z = Zﬁek.

kel kel
2.1. Mobius transformations

The analogues of Mobius transformations on
a Hilbert space X are the mappings @, :
Bx — Bx, a € By, defined as follows:

a— P,(2) — 5,Qa(2)

Pal2) = 1—(z,a)

, 2 € Bx
(2.1)
where s, = /1 — |a||?, Pu(z) = |<|Z’|‘|12>a, and

Qa(z) =z - ‘<|Z"T2>CL for z € By.

We define ®¢(z) = —=.

https://doi.org/10.52111/qnjs.2025.19104

Denote by Aut(Bx) the group of auto-
morphisms of the unit ball By.

For details on Mobius transformations,
we refer to K. Zhu’s book. 4

2.2. Banach spaces of holomorphic
functions

A (Bx,Y) is denoted by the vector space
of Y-valued holomorphic functions on By.
An element f € #(Bx,Y) is named locally
bounded holomorphic on Bx if for every
z € By there exists a neighbourhood U, of
0 € X such that f(U.) is bounded. Put

H,8(Bx,Y)

= {f € A (Bx,Y) : f is locally bounded on BX}.

For f € J7(By), its complex gradient and
radial derivative are defined by

Vi) = (5@, o
RI) = Y 2L @) en) = (. VT,
kel

respectively. Thus, Vf(z) is the unique ele-
ment in X representing the linear operator
f'(z) € X', hence,

=3 )@

kEF
= <x,Vf(z)>, r e X.
It is clear that
[Rf(2)] < IVf()lll=]l, =€ Bx.

Now, let £ C . (Bx) be a Banach space.

For each z € By, the point-evaluation
functional 6¢ at z defined by 6¢(f) := f(z)
for all f e €.

Thus,
£ < IFIISEN,

where [|6Z | = sup{|f(2)| : f € &, |1 f] < 1}.
For all ® = (®;)er € Aut(Bx), for every
j>1,m>2andall fe&, we write

By = (P10, P,

fe& zeBx, (22
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Below, we present a comprehensive list of
conditions, some of which will be necessary
for characterizing the boundedness, compact-
ness, or determining the essential norm of the
operators discussed in this work.

(el) & includes the constant functions.
(e2) The closed unit ball Bg is 7.,- compact.

(e3) There are m > 2 and constant C' > 0
such that for all ® € Aut(Bx), for all
feé& @ -fek,

15 - fIl < ClUFL 5 efL,...m).

Remark 2.1. It follows from (el) that
inf,ep, [|[65]| > 0, and in particular, the fol-
lowing equivalent conditions are satisfied:

(ela) On each compact set, ||6¢] is bounded
from below by a positive constant;

(elb) The functions in £ do not all vanish at
each point z € By.

Indeed, since the function 1 € &, for every
z € By we have |65 > ﬁ It is obvious that
(ela) = (elb). Now, assume that (elb) holds
but (ela) fails. Then we can find a compact
subset K of Bx and a sequence {z, },>1 € K
and zp € K such that z, — zp and [|6¢ || — 0.
This implies that f(z9) = 0 for all f € &,

which is incompatible with (elb).

By the uniform boundedness principle,
we can easily prove the following;:

Proposition 2.1. The mapping 6 : By —
C, z + [|6¢||, is bounded on compact subsets
of By for every Banach space £ of holomor-
phic functions on By.

3. GROWTH SPACES AND BLOCH-
TYPE SPACES

For a normal weight v on Bx, we write

. HZHﬂ
I >.—/0 T

Remark 3.1. Since v is positive, continuous,
my,s 1= mingep s v(t) > 0. Moreover, it fol-
lows from (W7) that v is strictly decreasing
on [4,1), hence, max,c(g,1) v(t) =: M, < oc.
Then, it is easily seen that

M,
mys

v(2)ILz) < R, =6 +1-6 <o0. (3.1)

for every z € By.

We define bounded holomorphic spaces
H>(Bx),
HiY (Bx), little growth holomorphic spaces
H)(Bx), Bloch-type spaces B, (Bx), and lit-
tle Bloch-type spaces B, o(Bx) on the unit

growth  holomorphic  spaces

ball Bx as follows:

H2(Bx) = {f € #(Bx) :
sup [£(2)] < oo},

z€Bx

Hye(Bx) = {f € #(Bx) ;

sup p(I ()] < oo,

HO(Bx) = { f € H2(Bx)

lim pu(2)|f(2) =0},

Izl —1

B,(Bx) := {f € A (Bx) : || fllp,(5x) =
sup v(2)|Rf(2)| < oo}.

z€EBx
It is easy to check that H*>(Bx),
HiY (Bx) and B, (Bx) are Banach under fol-
lowing norms

[flloo == sup |f(2)],
z€Bx
[ fll3ge := sup u(2)|f(2)];
ZEBX

118, Bx) = [FO) + 1 flls5,(5x)>

respectively.
Now we consider the holomorphic func-
tion

g(z) =1+ Z ok 2 e By, (3.2
k>ko

https://doi.org/10.52111/qnjs.2025.19104
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where ky = [log2 ﬁ], ng = [1frk] with

re = v1(1/2F) for every k > 1. Here, the
symbol [z] represents the greatest integer less

than or equal to z. By Theorem 2.3, 1° g(¢)
is increasing on [0, 1) and
l9(2)] < g(llz])) € R,
0<Cy:= inf v(t)g(t
vi= o 1)1/( )g(t)

)

z € By,

< nd v(t)g(t) (3.3)

< sup v(2)|g(z)] =: Cy < 0.
z€By

Lemma 3.1. Let v be a normal weight on
Bx. Then there is C' > 0 such that for every
z € By,

[F(2)] < 1(2) " N fllae ) | € Hye (Bx),
(3.4)
[F(2)| < CAF+L, DI fNIBo(Bx)s | € Bu(Bx).
(3.5)

Proof. The inequality (3.4) is obvious. The
inequality (3.5) was proved in (Proof of The-
orem 3.2) 9. O

Lemma 3.2. For every v normal weight v

on By, we have
(1) (|67 P =1/ (2);
2) 65759 = 1+ IL(2).

Proof. (1) It is obvious.
(2) It follows easily from the definition of
557 Bx) and (3.5) that

1670 S 1+ 1 (2).

Now we consider the function fy defined by

Il
fo(z):(l—i-C’g)l(l—i—/O g(t)dt), =€ By,

where g is defined by (3.2). It is clear that
fo € B,(Bx) and by (3.3), it is easy to see
that | folls,(Bx) < 1. Then, in view of (3.3)
again, this yields that

165 > | fo(2))|
1 &
1+Cy 1+ Cy

b+ 12)).
O

> max{

https://doi.org/10.52111/qnjs.2025.19104

It is easy to prove the following:

Corollary 3.3.  #H;°(Bx), B,(Bx) satisfy
the properties (el), (e2), (e3).

We will demonstrate below that the anal-
ysis of growth spaces on Bx can be re-
duced to studying functions defined on finite-
dimensional subspaces. It is worth noting
that similar results for Bloch-type spaces
were recently studied in ?

For each finite subset F' C I, without
loss of generality we may assume that ' =
{1,...,m}, we denote by B,, the unit ball of
span{ey, k € F'}. For each m € N, we write

plml = M‘span{el,“.,em}’

Zim] = (21, -+, 2m) € By
For m > 2, we denote by
OSy i ={z=(z1,...,2m),
xy € X, (T, xj) = Okj}
the family of orthonormal systems of order

m.

For every z € OS,, fixed and f €

#(Bx), we define

i) (kak>

Then
|V £ o) = “Vf(izkxk> H (3.6)
k=1

Definition 3.1. We denote

Hu aff(BX)

=A{f e A (Bx): £l q(Bx) <0}

where

sup £ 2) 3 (51):

llz]l=

1 1o (Bx) =

with f(-z) : By — C given by f(-x)(\) =
f(Ax) for every A € By, and

1 C2) e 1) = sup p(Az)[ f(Az)].
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It is easy to verify that ||- HHffaff(Bx) is a norm

on HoC 4 (B

over, ( u,aff(
space.

x ), called the affine norm, more-
x), [l - Hyoo By)) is a Banach

Proposition 3.4. Let f € J#(Bx). The fol-
lowing are equivalent:

(1) feHr(Bx);

(2) sup,cos,, ”foﬁ”H‘X[’m](Bm) < oo for every
m
m > 2;

(3) sup,eos,, Hfac”HOTm](Bm) < oo for some
m

m > 2.

Moreover, for each m > 2

sup |l 50 (37)
S I

e m
Proof. (1) = (2): Let m > 2 and zp, =

(21,...,2m) € Bp,. Since HZ?zlzjejH
zpm ], we et

1f 1350 (Bx) =

= Slép 1 ()| o (2|
Z{m) €Brm
(3.8)
< s el 50)

< 1 fll3se (y) < 00-

In particular, we obtain (2).
(2) = (3): This is evident.

(3) = (1): Assume that

sup ||fac||H
z€0Sm,

for some m > 2. We fix z € By \ {0}.
Consider x = (57, 22,...,Zm) € OS,, and
2im) = ([|z[,0,...,0) € C™. Then ||z}l =
|lz]| and

g Brm) < X

IIZH’

| fa (21m)) |

- | (3 am) | = 110

k=1
This yields that

£l (Bx) = sup u(2)|f(2)]
zEBx
< SUP 1 ()| o (2| (3.9)

< sup || fallaes

Bnﬂ < 00.
z€0Sm

Thus f € Hi(Bx).
On the other hand, it is clear that

sup Hf:vHH
z€0Sm

) (Brm) S [ 172 (Bx)
for every m > 2. (3.10)

Hence, we obtain (3.7) from (3.8), (3.9) and
(3.10). 0

Remark 3.2. In the case m = 1, the propo-
sition is not true. Indeed, we consider pu(z) :=
1 —|z||?, and f : Bx — C given by

f(z) = i <% - %,en>, z € Bx.

n=1

Then f € J#(Bx) because
/en 2
2| - e
i\ n vn

< Z_:lngﬁunzu +Z—n3/2 < .

For each z = > 7 | (z,en)e, € OS; and for
every zjy) := 2 € By for some k > 1, we have

2

1 2Tk

ko k'

and thus, since |fy(zp))| < 2, we get

fe(2) = f(zpar) =

sup || fz |l 81
€085,

= sup (1~ [z |*) falep))| < 2.
0S5,

S

However, since
(A=l1=l*)1f ()]
=(1— =%
1
% —
> 5

n=1

we obtain that f & H{°(Bx).

> (T Tmen)

n=1

as z — 0,

By employing a similar argument as in
the proof of Proposition 2.3 in,? we can eas-
ily obtain the following result, for which the
proof will be omitted.
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Proposition 3.5. H;°(Bx)
Moreover,

= /Hzc:aff(BX)'

1 e Bx) < N lleze (B
S Wfllugesx)s € HE(Bx).

4. BOUNDEDNESS AND
PACTNESS CRITERIA

COM-

Consider the weighted composition operator
Wy, from B,(Bx) into H°(Bx) and into
H},(Bx) defined by

Wy o f)(2) = 9(2) - (fow)(2), =€ Bx.

The component operators are the multi-
plication operator My f = v - f and the com-

position operator Cy,f = f o ¢, which cor-

respond to the cases when the composition
symbol ¢ is the identity function on B and
the multiplication symbol v is the constant
function 1, respectively.

Theorem 4.1. The following are equivalent:

(1) Wy By(Bx) — H;°(Bx) is bounded;

(2) M{TL = s d ) 10
< o for some m > 2;

(3) de’u

B, (B
= sup p(2) (185 < oo.
zEBx

In this case, we have
Wy ol = My - (4.1)
Proof. (3) =

(1) = (3): Suppose Wy, : B,(Bx) —
H;Y(Bx) is bounded. Fix 2z € Bx. For each
f € B,(Bx) with || f[|5,(By) < 1, we have

n(2) W) f ()] < Wyo fllnsBx)
Bx) < HW%ZJ,S0H°

By definition of §8(8x) (see Proposition 2.1),
by taking the supremum over all f within the
closed unit ball of B, (Bx

(2): It is clear.

), we obtain:
Bu(B
() NI05 P < Wyl

https://doi.org/10.52111/qnjs.2025.19104

Taking the supremum over all z € Bx yields

My pu < Wyl < oc. (4.2)

(2) = (1): Assume ngjﬂ,u < oo for some
m > 2. Let f € B,(Bx) with HfHBV(BX) <1
We write 2z, := > -, 2k, for each x € OS,,.
It should be noted that [|z;| = ||z and

hence ,u[m](z[m}) = ul™)(2,). Then

H(Ww,w(f))mHH“ ) Bm)
= sup "™ (20) W™ (20) (f © ) (2my)]

22 €Bm

[m]
<M1Mw<oo

for every x € OS,. By (3.7), Wy, is

bounded because

Wy (N)llrze (Bx)

= sup |[[(Wyo(f ))a:HH‘XEm](Bm)
z€0Sm .

[m]
< va%u < 00.
(4) = (2): For z € Bx, we have
()] F ()] < w185
< MT/%%M < 0.

Consequently,
Wy o fllmee (Bx) < Myp,ppu < o00.  (4.3)
Finally, from (4.2), (4.3) we deduce (4.1). O

We next characterize the compactness of

10

Wy.p. As shown in *¥, we can demonstrate

the following:

Lemma 4.2 (!°) Lemma 2.10). Let £, F be
two Banach spaces of holomorphic functions
on Bx. Assume that

(1) 6¢ are continuous for every z € Bx;
(2) The closed unit ball of £ is 7.,-compact.

(3) T:(E,7e0) —

(F,Teo) is continuous.
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Then, T is compact if and only if for each
bounded sequence {f,} in & satisfying f,, =
0 on compact sets, then ||T'f,||r — 0.

Theorem 4.3. Assume that the operator
Wy + Bu(Bx) — HP(Bx) is bounded.
Then, the following are equivalent:

(1) There exists m > 2 such that

lim sup ()| [00 | =0
"1 [y (2)[> #0m) (2)

(4.4)
where P(m) = (Sola R @m)'

(2) Wy, is compact.

Proof. First, we show that ¢ € H;°(Bx). In-
deed, by the boundedness of Wy, , and Theo-

rem 4.1, we have My, , , < oco. Then, by Re-
B.(Bx)

mark 2.1, inf,cp, ”5@(3) | =t a > 0. Con-
sequently,
ap(z)|Y(z)| < My, 2 € Bx.
This means ¢ € H;°(Bx).
(2) = (1): Suppose Wy, : B,(Bx) —

H{Y (Bx) is compact. Fix m > 2. It is obvious
that (4.4) holds if ¢ ,,,) (Bx) is relatively com-
pact in Bx. So assume ¢,y (Bx)N0Bx # 2.
Then we can find sequence {z"},>1 C Bx
such that [¢(,)(2")] — 1. By the defini-

Py (21)? with ¢ > 0 is given we

can find a sequence {f,}n>1 C By (Bx) with
| fallB, (Bx) < 1 for every n > 1 satisfying

n BV
Fulam N> 62T =2 (45)

By the condition (e2), without loss of gener-
ality, we may assume that f, = 0in B, (Bx)
on compact subsets of Bx and { f;, },,>1 is uni-
formly bounded on compact sets.

For each n > 1, denote a" := ¢(z") and
consider the automorphism ®,» € Aut(Bx)
defined by (2.1). For each j € {1,...

In— (((I)a”)(m))j * f-

,m}, put

Gan’j = (a?m))] .

By (e3), G
lation to show that for every w € By,

|Ganj (W) = [(any)j - (W) = ((Pan) m) (w));]

Wl
——— | (w)].

1 — [Ju]]

anj € B,(Bx). It is an easy calcu-

Then, by (2.2),

3,/1— la |
(G j(w)] < e T 18,

I e (]

consequently, by Proposition 2.1, and since
||a(m | = @) (z")|| = 1asn — oo, for each
jeA{l,...,m}, Gonj = 0 on compact sub-
sets of B x Now by the condition (e3), there
exists C' > 0 such that for all j € {1,...,m},

we have
1Gar B, (Bx)

< llaimylllfnlls,Bx) + 1((Ran) om))s - fulls,(Bx)
< (C+DIfallsusyy <C+1 Vn>1.

Therefore, since Wy, , is compact, By (2.2)
and Lemma 4.2, |4 ((Gan);j09) |l nz(5x) = 0
asn — oo for every j € {1,...,m}. Note that
®,n(a") = 0. Therefore, by (4.5), we have

n n n BU
BB ) (NS5 | €)

< (") [Py (2 fn(Em) (2))]

= Z |(Ga” i

(©@m) (2M) 2

= 18 (o) o D)oy

Jj=1
—0 asn— oco.

Consequently,

. n B.(B
I e | |

< tim ()" < elld ey

This implies that (4.4) holds because ¢ is ar-
bitrary.
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(1) = (2): Assume that (4.4) holds
for some m > 2. By Lemma 4.2, it suf-
fices to prove that if {f,},>1 C B,(Bx),
Ifullg,(Bxy < 1 for all n > 1 and
fn = 0 on compact subsets of Bx then
||W1p,<pfn||H3°(BX) — 0 asn — oo.

Let {fn}n>1 be such a sequence. Given
€ > 0. Then we can choose a number r €
(0,1) such that M(z)|w(z)|||5¢<m)(z)\| < €
whenever ||, (2)|| > 7. Since |f,(w)| <
155" PX|| for all w € By, if [loum(2)]| >
r, then pu(2)[Y(2)]|falem)(2)] < e Thus

()| (2)[| fr(p(m) (2)| < & when [l@(z)]| >,
because [¢(2)]| > [|o@m)(2)|| > r for every

z € Bx.

Now, we consider the case ||p(2)| < 7.
Then [|¢(m)(2)]| < r. Note that

B[v(m)ﬁ]
- {Sa(m
cB,, cC™

)+ e @Il <ry € Bx}

is relatively compact for every 0 < r < 1,
by the hypothesis, f, — 0 uniformly on
Bl@(m),7]. Then, there exists N € N such
that [fn(w)| < e/[¥llmeepy) for all n = N,
w € Bl@(my,r]. Thus,

p)Y ] fn (o (2)] < e i [o(2)]] <7
0

We will now examine the boundedness
and compactness of the operator Wy, , map-
ping into H},(Bx).

Theorem 4.4. The following are equivalent:

(1) ¥ € H)(Bx), and there is m > 2, such
that orevery 0 <r <1,k >1:

¢ (m)(rBx) is relatively compact; (4.6)

Jim w0 =05 (47)

(2) th,so : B, (Bx) — Hg(BX) is compact.

https://doi.org/10.52111/qnjs.2025.19104

Proof. (1) = (2): Suppose (1) holds. Fix
f € B,(Bx). We show that Wy, ,f = - (fo
p) € HX (Bx). Since (=) 0(2)| /(0 () —
w(z)|W(2)|f(e(z)) as k — oo for each z € By,
and ’Hg (Bx) is closed in H°(Bx), it suffices
to show that ¢ (fop)) € HY(Bx) for every
k > 1. Given k > 1. By the hypothesis (1),
for given & > 0 there is r € (0,1) such that

()2 F ey (2))]
< ()|l r|\6f;‘BX>u|rf|\B (By) (4.8)
<ellflls, ) for |2l > 7.

On the other hand, assumption (1) implies
that

sup|z) <r(2) [P (2)|]f (P (k) ()]

< n@ IS s, ) < o0
(4.9)
Consequently, ¢- (fopuy) € H(Bx ). More-
over, by (4.8), ¢ - (f o o)) € HO(Bx).
We also obtain from (4.8) and (4.9) that

Wg » is bounded.

The compactness of the operator qu,go
can now be established by following a sim-
ilar argument as in the proof of Theorem 4.3
and using condition (4.6).

(2) = (1): First, since qu’w is bounded
and 1 € B,(Bx) it is easy to check that
¢ € H)(Bx).

In order to prove (4.6), first we have to
show the following claim:

L (Bx) HP(Bx)

sz wl| < H(5 —Ow I, z,w € Bx.
(4.10)
Indeed, by direct calculation, it is easy to

check that

1
Sz —wl
(1= =) — o]
: \/1‘ 1= (2 0}
= QX(Z,U/),

where ox is the pseudohyperbolic metric in
Bx (see 16 p.99). On the other hand, we also

58 | Quy Nhon University Journal of Science, 2025, 19(1), 49-60



QUY NHON UNIVERSITY

I SCIENCE

have

ex(z,w) = sup  o(f(2), f(w))
FEH>™(Bx)

I flloo<1

(see (3.4) in ° Ty

the pseudohyperbolic metric in B;. Note that,

), where o(z,y) = ’ | is

since the function n — ——L—— is holomor-
1-f(2)f(w)

phic from By into By and f(z) — f(w) — 0,

it follows from Schwarz’s lemma that

ox (z,w)

< sup
FEH>®(Bx)
[ flloo<l

< s R
FER=(B)

[ flloe<1
Hoo (B Hoo (B

— H(Szl ( X) _5111“( X)H

Hence, (4.10) is proved.

Next, we prove (4 6). For r € (0,1),
the set V, := {(5 w(Bx) lz| < r} C
(Hy*(Bx))' is bounded. Then, since Wy, is
compact, the set

(W) (V) = {205 ) s 12l < v}

is relatively compact in [B,(Bx)]'.

We know that, for every K C [B,(Bx)]
and every bounded subset D C C, if the set
{tn : t € D,n € A} is relatively compact
in B,(Bx) then A C [B,(Bx)] is also rela-
tively compact. With this in mind, since the
set {¥(z) : ||z| < r} is bounded, the set
{65“ Bx), |zl < r} is relatively compact.
Then, it follows from (4.10) that ¢(rBx)
is relatively compact, so is @, (rBy) for
m > 2.

Finally, we prove (4.7). Assume that
there exist m > 1, o > 0 and
{z"}p>1 C By, [[z"]| — 1 such that
RO 8| > 0 for all n >
1. Then, we may choose {fp}n>1 C
B,(Bx) such that |fullg,(8y) < 1 and
[l ()] > 185755 I = 0/2 for every
n > 1. Thus

p(z")P I (i) (27))]
> 0= 0/2u(z") | (2")].

£ (2) = f(w)]

X () — i PO py)

Therefore, since 1 € Hg(BX), ngvwf” ¢
Hg(BX). This contradicts the boundedness
of W . O

Remark 4.1. In the case where dim X < oo,
and by following the proof of Theorem 4.4,
the following statements are equivalent:

(1) lim p(z)ly(z )ldg

= %
k> | and b e Hff(BX),

H = 0 for every

(2) Wg,w : B,(Bx) = M) (Bx) is compact;

(3) sz’(p : B,(Bx) — H}(Bx) is bounded.
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Khao sat Uiing dung tinh dau gling
trong bao quan Banh it 14 gai
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Ngay nhan déang: 30/09/2024; Ngay xudt bin: 28/02/2025

TOM TAT

Biénh it 14 gai 12 loai banh dic sn rat dugc ua chudng cta tinh Binh Pinh, dugc 1am chil yé&u tit bot nép,
14 gai, d4u xanh, diia va dudng véi phuong phap ché bién truyén thdng. Tuy nhién, cdc nghién ciiu di chi ra su c6
mit ctia mdt s& chiing nim mdc va vi khuin 12 nguyén nhan gy hu hong Banh it 14 gai. Trong nghién citu nay,
tinh dAu gling da dugc bd sung vio cdng thiic banh nhu mdt chit khang khuin/khdng nim gitip kéo dai thsi gian
st dung ctia banh. Két qua khao st anh hudng ciia viéc b sung tinh diu giing dén han sti dung ctia Banh it 14 gai
thanh phiam cho thdy: b sung tinh dau gling véi ndng dd 4 mL/kg bot c6 thé ngin ngiia sy phat trién ctia vi sinh
vat, @m bao kéo dai han sti dung ctia Banh it 14 gai thém 3 ngiy so véi banh khdng b sung tinh diu giing. C4c chi
tiéu cdm quan ciing chi ra ring ndng do tinh dau bd sung nay phit hgp véi thi hidu clia ngudi st dung Banh it 14 gai.

Tu khéa: Bdnh it ld gai, vi sinh vat, ndm méc, tinh dau giing.

*Tdc gid lién hé chinh.

Email: vothitronghoa @qgnu.edu.vn
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ABSTRACT

Ramie leaf rice cake (RLRC) is a very popular specialty cake of Binh Dinh province, made mainly from
glutinous rice flour, ramie leaves, green beans, coconut and sugar with traditional processing methods. However,
studies have shown the presence of some strains of mold and bacteria as the cause of RLRC spoilage. In this study,
ginger essential oil (GEO) was added to the cake formula as an antibacterial/antifungal agent to help prolong the
shelf life of the cake. Survey results on the effects of adding GEO on the shelf life of RLRC show that adding GEO
at a concentration of 4mL/kg of flour can prevent the growth of microorganisms, guaranteed to extend the shelf
life of RLRC by 3 days compared to cakes without GEO added. Sensory criteria also show that the concentration

of this additional essential oil is suitable for the tastes of RLRC consumers.

Keywords: Ramie leaf rice cake, microorganisms, molds, ginger essential oil.

1. INTRODUCTION

Ramie leaf rice cake is a well-known traditional
specialty of Binh Dinh province. As the other
rice cakes in Asia countries, these cakes made
from the basic ingredients such as glutinous
sticky rice, sugar, and some types of beans,
coconuts, or sesame. The common methods for
making these cakes include steaming, frying,
and boiling. Because of manufacturing process
without using the additives and tropical climate,
the shel-life of these cakes is so short, about 2-3
days.! Research by Hoa et al has shown that
four fungal strains are frequently present and
cause damage to Binh Dinh RLRC, which are
Aspergillus niger, Aspergillus flavus, Aspergillus
tamarii and Aspergillus fumigatus.*

*Corresponding author.

Email: vothitronghoa @gnu.edu.vn

https://doi.org/10.52111/qn;js.2025.19105

Thanh et al using extracts of natural
compounds from cinnamon, anise, and black
cardamom added to RLRC.? Research results
showed that extracts of mnatural substances
from black cardamom with the addition rate of
5 mL/kg of flour can help limit the deterioration
of sensory quality and prevent the growth of
microorganisms, thereby helping to prolong the
storage time of RLRC up to 5 days in normal
temperature, 2-3 days longer than traditional
production methods. However, the above natural
compounds have a strong aroma and affect the
taste and smell of this product. Therefore, it
is possible to research the use of some other
essential oils that are more suitable for prolonging
the preservation time while limiting the change
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in flavor properties of the cake and ensuring that
it does not affect the health of consumers.

Ginger (Z. officinale) is a species that
produces oleoresins and essential oils with
chemical compounds of diverse properties.
Essential oils have been characterized mainly
as gingerols, which have been reported to
possess analgesic, anti-inflammatory, anticancer,
antipyretic, antioxidant, and antibacterial
activities. The antifungal activity of Z. officinale
essential oil is well documented, mainly in
filamentous fungi such as Penicillium spp.,
Rhizopus sp., A. flavus, A. solani, A. oryzae, A.
niger, F. moniliforme, F. verticillioides and in
yeasts such as Saccharomyces cerevisiae and C.

albicans.*”’

To enhance the shelf life of Ramie Leaf
Rice Cake (RLRC) while maintaining consumer
safety, we conducted an experiment using ginger
essential oil (GEO) as a natural preservative.
Our goal was to assess GEO's effectiveness
in meeting microbiological standards and
maintaining the sensory quality of RLRC over
storage time.

2. MATERIALS AND METHOD
2.1. Material

The research materials included ramie leaves,
glutinous rice, peeled mung beans, shredded
coconuts, and banana leaves, which were sourced
from the Binh Dinh Province. Refined sugar was
obtained from TTC Bien Hoa-Dong Nai Sugar
One-Member Limited Company, Vietnam.

GEO extracted by Hilltown Essential Oil
Co. Ltd. (CC43 Ho Van Hue Street, Ward 9, Phu
Nhuan District, Ho Chi Minh City, Vietnam).

Chemicals used in microbiological
research: NA (Nutrient Agar), PDA (Potato
Dextrose Agar), ethanol, NaCl 0.9%.

Equipment used in microbiological
research: Benchtop pH meter BP 3001 (USA);
quantitative balance; biological safety cabinets;
autoclave sterilizer; Petri dishes; implant; alcohol

lamp; test tube; volumetric flasks, absorbent and
waterproof cotton balls,...

Baking equipment such as dough mixer,
electric stove,...

2.2. Method

2.2.1. Method of counting total aerobic
microorganisms

According to TCVN 4884-1:2015 (ISO 4833-
1:2013): Microorganisms in the food chain -
Methods for the enumeration of microorganisms.
Microbiological analysis techniques were
conducted according to Man.?

Using the pour plate technique, count
the colonies on the agar medium after aerobic
incubation at 35 + 2 °C for 24 to 48 hours. The
number of aerobic bacteria in 1 g or 1 mL of the
food product sample tested is calculated from
the number of colonies counted on the culture
plates according to the dilution concentrations.

Select plates with 15 to 300 colonies on
plates of 2 consecutive dilutions. Calculate
according to the formula:

N=A/(V.D f)
In which:

N: total number of CFU/g (mL) of substrate
sample analyzed

A: average number of CFU per petri dish at a
certain dilution

V: volume of culture sample per petri dish
D,: sample dilution

2.2.2. Method for determining antimicrobial
ability of ginger essential oil

The antimicrobial activity test of GEO was
performed wusing the agar disc diffusion
method as described by Euloge et al (2012)
with modifications. Different concentrations
of essential oils were mixed into molten PDA
medium (45 °C), shaken well to disperse the
essential oils, and the medium was divided into
sterile Petri dishes (90 mm in diameter). Fungal
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rings (5 mm in diameter) were cut from the
growing edge of the pure fungal culture (after
3 days) and transferred to the center of the
Petri dish containing the essential oil medium,
the control dishes (without essential oil) were
inoculated according to the same procedure.
Then the fungal dishes were incubated in the
dark at 28 + 2 °C. Colony diameter was measured
after 24 hours per time, lasting up to 120 hours.
The percentage of inhibition of mycelial growth
by essential oils was calculated according to the

formula of Philippe et al.’
do—d;

Inhibition of mycelial growth (%) =

C

Where:
d_: diameter of colony in control sample

d: diameter of colony in sample containing
essential oil.

2.2.3. Method of investigating the effect of
ginger essential oil on the shelf life of Ramie leaf
rice cake

In this experiment, the outer layer of the cake/cake
crust was prepared using a ratio of 0.6 kg Ramie
leaves and 0.5 kg sugar per 1 kg of glutinous rice
flour. Ramie leaves were boiled, ground, and
mixed with the flour. Ginger essential oil was
incorporated during kneading. The filling was
prepared using the traditional recipe. Steamed

cakes were allowed to cool.

Figure 1. The crust (left) and filling (right) preparation.

The control (without GEO) and added
GEO samples of RLRC were maintained at room
temperature. The concentration of GEO selected
will be based on the results of the survey on
the antimicrobial ability of ginger essential oil
as presented above. Assuming the inhibitory

https://doi.org/10.52111/qn;js.2025.19105

concentration is a, we have the following table
of GEO concentration survey.

Table 1. Essential oil concentration survey.

GEO
concentration

Results Ml | M2 | M3 | M4 | M5

a-2 a-1 a atl | at2

Step: 1 mL

Samples were taken to determine
and evaluate the total number of aerobic
microorganisms in the cake periodically after
each day (24 hours).

2.2.4. Sensory quality assessment method

Assess the sensory quality of RLRC products
by scoring method simulating the TCVN 3215-79
standard using the 20-point system. TCVN
3215-79 is a standard using the 20-point system
built on a unified scale of 6 levels of 5 points
(0+5) in which point 0 corresponds to “damaged”
product quality, and points from 1 + 5 correspond
to decreasing levels of defects. At point 5, the
product is considered to have no defects or
errors. In the considered properties, the product
has typical and obvious good properties for that
indicator. The 20-point system is divided into 6
levels of product quality classification.!?

Table 2. Weight coefficient of indicators (according
to TCVN 3215-79).

No Indicator name Weight coefficient
1 Status 1.5
2 Color 0.6
3 Odor 0.5
4 Taste 1.4

Table 3. Sensory indicators are applied according to
TCCS 01/2017/BILG-ST.

Indi
No ndicator Requirements
name
1 Status Pyramid cake, filling made of
coconut and green beans
2 Color Black
Odor Aroma of ramie leaves
4 Taste Sweet, rich, fatty
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2.2.5. Data collection and processing methods

The reported data are the average values of
3 experimental repetitions. The data were
processed and the graph were drawn using
Graphpad Prism 8. The average values were
analyzed by ANOVA using the Tukey test and
the value of p < 0.05 indicates a statistically
significant difference.

Aspergillus niger

Aspergillus flavus
mmm  Aspergillus tamarii

Aspergillus fumigatus

-

o

o
]

(3]
o
1

Mycelial growth inhibition (%)

o
1

1 2

3. RESULT

3.1. The ability of GEO to inhibit the growth
of microorganisms under culture conditions

The results of investigating the ability of GEO to
inhibit fungal mycelium growth with four pathogen
fungal strains (Aspergillus niger, Aspergillus
flavus, Aspergillus  tamarii and Aspergillus
fumigatus) after 48 hours are shown below.

3 4 5

GEO concentration (uL/mL)

Figure 2. Percentage of mycelial growth inhibition of GEO after 48 hours.

The result in Figure 2 and Figure 3 show
that GEO has a strong inhibitory effect on
Aspergillus fumigatus and Aspergillus niger
strains but weaker inhibition on Aspergillus
flavus and Aspergillus tamarii strains at almost
all concentrations.

In addition, the survey result shows that
the percentage of mycelium growth inhibition
was proportional to the GEO concentration.
The higher the concentration is, the stronger
the inhibition ability is. The percentage of
mycelium growth inhibition of GEO was
significantly different (p < 0.05), comparing the
concentration of 3 ul./mL and the concentration
of 5 uL/mL. However, the results between the
concentration of 4 ul./mL and the concentration
of 5 puL/mL showed an insignificant difference
(p > 0.05). We can rely on this to choose a
more optimal concentration of essential oil,
ensuring both antifungal effectiveness and the
sensory properties of the cake (because high

GEO concentration makes the product have a
“pungent” and “spicy” smell).

Figure 3. Image of the inhibition survey of GEO
at a concentration of 5 mL/L on 4 fungal strains
after 48 hours of culture (CB1 - Aspergillus niger,
CB2 — Aspergillus flavus, CB3 - Aspergillus tamarii,
CB4 — Aspergillus fumigatus).
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3.2. Effect of GEO on the growth of
microorganisms on RLRC during storage

The spoilage index of finished cakes is
determined based on the total number of aerobic
microorganisms developed on samples over
storage time.

The following Figure 4 presents the
results of the study on the growth of aerobic
microorganisms in the cake samples during
storage.

8- * % % % * % %k %k * %
%k ok %k %k * Kk * %k mmm Control
6 GEO 1
o mm GEO 2
2 wm GEO 3
O 4-
o mm GEO4
)
- w= GEOS5
2_
0_
Day 4 Day 5 Day 6

Preservation day

Figure 4. The total number of acrobic microorganisms (Log CFU/g) developed on cake samples over storage time
(GEO 1, 2, 3, 4, 5 means the GEO concentration add to the cake with 1, 2, 3, 4, 5 mL/kg of flour, respectively)
(F*F*: p < 0.0001, ***: p < 0.001, **: p < 0.01, *: p < 0.05).

Initially, in the first 2 days of preservation
period time, there is no damage on the RLRC
surface. In the GEOS5 sample, no aerobic
microorganisms were detected on day 4,
resulting in a recorded value of zero. After that,
the control sample (without adding GEO) began
to show viscous flow, while the samples using
GEO began to gradually harden. In particular,
since day 5, the total number of aerobic
microorganisms (TNOAM) increased rapidly
and exceeded the allowable limit according
to TCVN 12941: 2020 standards, with the
total number of aerobic microorganisms of the
control sample reaching 129.5 x 10* (CFU/g),
approximately 6.11 logCFU/g.

Under normal conditions, on the 4" day
of storage, there was no significant difference of
the TNOAM between the samples supplemented
with GEO and the control samples (without

https://doi.org/10.52111/qn;js.2025.19105

adding GEO). However, the difference between
the experimental samples and the control
samples was significant (p < 0.05) on the 5%
day of storage, which shows that the addition
of GEO contributed to limiting the growth of
aerobic microorganisms on RLRC according to
storage time.

The concentration of GEO added
to the cake is inversely proportional to the
TNOAM growing in RLRC, in which the
GEO concentration of 5 mL/kg of flour shows
the most obvious difference. The number of
microorganisms in this experimental sample
was the smallest and did not change much
after 6 days of storage (the 6™ day was not
significantly different from the 4" day). The
addition of ginger essential oil to the GEO 5
sample resulted in a significant reduction in
total aerobic microbial count. On day 5, the
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control sample had a count of 6.09 logCFU/g,
whereas the GEOS sample had a significantly
lower count of 4.88 logCFU/g. However, there
was no significant difference (p > 0.05) in
the total number of aerobic microorganisms
between the sample supplemented with GEO
concentration of 5mL/kg and the sample
supplemented with GEO 4mL/kg. This shows
that adding GEO at a concentration of 4 mL/kg
or 5 mL/kg is equally effective in inhibiting the
growth of microorganisms. Therefore, to ensure
the sensory properties of the product and reduce
raw material costs during production, we can
choose a lower GEO concentration of 4 mL/kg

20

16

=
oo N

Total overall sensory score (points)
-9

0
Day 0 Day 1

and still ensure the effectiveness of extending
the preservation time of the cake for 3 more days
compared to the previous traditional cake (only
kept for a maximum of 3 days).

3.3. Effect of GEO on sensory quality of
RLRC during storage

To evaluate the influence of GEO on the change
in sensory quality of RLRC, a sensory test
according to TCVN 3215-79 was performed.

The results of surveying the influence of
GEO concentration on the sensory quality of
RLRC according to storage time are shown in
Figure 5 below.

Day 2 Day 3

Preservation day

mControl mGEO2 mGEO3 mGEO4 mGEOS5

Figure 5. Effect of GEO concentration on the change in sensory quality of RLRC over storage time.

The analysis results show that the overall
sensory quality of RLRC reflected in the total
average sensory score decreased with storage
time. What’s more there are differences between
cake samples on the same day of storage. After
3 days of storing under normal conditions, the
control sample without GEO supplementation
show the slight decrease of the overall sensory
score from 15.77 points, corresponding good
grade, to 12.62 points, corresponding average
grade. According to the microbiological test
results, after 4 days of storage, the TNOAM in
the control sample was under safe food standard,
hence we did not continue to perform sensory
evaluation after the 3™ day of storage.

The cake adding GEO has an aroma in
harmony with the typical smell and taste of the
traditional RLRC. Especially in the traditional
method, people often use ginger in the cake filling
as a way to add flavor delicious for cake. Maybe
that's why the filling is less damaged than the
crust (according to research by Le Duy Thanh).?

However, when observing the total
sensory score results by day, we found that there
was no obvious difference between samples
GEO2, GEO3 and GEO4 with additional GEO
concentrations of 2, 3 and 4 mL/kg flour,
respectively. There is a significant difference
between GEO4 and control as well as GEOS,
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this shows that adding GEO increases the
sensory quality of the cake. However, adding
a lot of GEO will reduce the sensory quality of
the cake, because it is not suitable for consumer
tastes. This can be observed by comparing the
sensory score of GEO4 and GEOS.

From the above analysis, it shows that,
in terms of sensory quality, the cake sample
supplemented with a GEO concentration of 4
mL/kg of flour has a higher sensory quality than
the control sample on the first day of storage.
Besides, the sensory score of the GEO4 sample
decreased slowly over storage time. Therefore,
the GEO concentration chosen to add to the
traditional RLRC production process is 4 mL/kg
of flour.

4. CONCLUSION

The research result indicates that GEO can inhibit
all four mold strains that cause RLRC spoilage,
in which GEO achieves strong inhibition against
Aspergillus fumigatus and Aspergillus niger
strains, weaker inhibition against Aspergillus
flavus strains and Aspergillus tamarii strains at
almost all survey concentrations.

The results of surveying the effect of
adding GEO on the shelf life of RLRC show
that adding GEO concentration of 4 mL/kg of
flour can prevent the growth of microorganisms,
ensuring the extension of the shelf life of the
RLRC product adds 3 days compared to cakes
without added GEO. And the GEO concentration
of 4 mL/kg of flour added to the cake meets the
tastes of consumers.

Within the scope of the research, we
have not yet evaluated the minimum inhibitory
concentration of GEO against all four mold
strains that cause RLRC spoilage. More surveys
are needed to determine the minimum inhibitory
concentration of GEO against these four strains.
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Anh hudng ctia dé sau muc nuéc dén sinh trudng
va ty I1é sdng clia 6¢c budu dong (Pila polita)
trong diéu kién uong
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TOM TAT

Oc buou ddng (Pila polita) 1a mot loai c6 chét luong thit ngon va gidu dinh dudng, vi viy ching dang 1a déi
tuong day trién vong cho nudi trong thiry san. Nghién ctru nay dugc thuc hién dé danh gia anh huong cta cac do
sau muc nude dén sinh truong va ty 18 séng cua éc buou dong. Oc duoc wong thir nghiém tai 4 d6 su khac nhau
12 15 cm, 20 cm, 25 cm va 30 cm v&i mat dd 300 con/bé 50 ecm x 40 cm va duoc lap lai 3 1an. Oc duoc cho dn béo
cam trong 15 ngay dau va bau, bi trong 15 ngay tiép theo. Két qua thi nghiém cho thay, sau 30 ngay wong, ¢ duoc
wong tai 30 cm cho gia tri sinh trudng chiéu cao va cin nang 16n nhét (1an lugt 1a 12,87 mm va 0,495 g) trong khi
chiéu rong dat gia tri cao nhét tai do sau 25 cm va 30 cm (lﬁn luot 12 9,62 mm va 9,59 mm). Ty 1¢ séng cua b¢ dao
dong tir 97,17 — 97,83%, trong d6 dc duoc wong tai 15 cm co ty 1é song thap hon 3 nghiém thirc con lai. Nhu vay,
xét tong thé c6 thé thdy do siu muc nude 30 cm 1a phit hop nhét d6i véi viée wong be.

Tiwr khéa: Oc bucou dong, sinh trieong, ty 1é song, do sau muc nuwde.

*Tac gia lién hé chinh.
Email: vovanchi@qgnu.edu.vn
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ABSTRACT

The black apple snail (Pila polita) is a species with delicious meat and rich nutrition, so it is a promising
target for aquaculture. This study was conducted to evaluate the effects of water depths on the growth and survival
rate of this species. The snails were experimentally reared at 4 different water depths of 15 cm, 20 cm, 25 cm and
30 cm with stocking density of 300 individuals per tank 50 cm x 40 cm and repeated 3 times. The snails were
fed duckweed in the first 15 days and fresh calabash in the next 15 days. The experimental results showed that
after 30 days of rearing, the snails reared at 30 cm had the highest height and weight (12.87 mm and 0.495 g,
respectively) while the width of snails reached the highest values at depths of 25 cm and 30 cm (9.62 mm and
9.59 mm, respectively). The survival rate of snails ranged from 97.17 - 97.83%, in which snails reared at 15 cm
had a lower survival rate than the other 3 treatments. Thus, in general, it can be seen that the water depth of 30 cm
is the most suitable for rearing snails.

Keywords: Black apple snail, growth, survival, water depths.

1. INTRODUCTION on seed production and rearing,? or biological

_r e 24
The black apple snail (Pila polita) is a relatively characteristics of black apple snails.** Some

. . other studies mentioned the effects of densities

new species belonging to the Gastropod phylum ) )
. . . . on growth and survival,’ effects of different
with delicious meat and rich nutrients; therefore, . o )
.. . .. . protein levels in diet on growth and survival,®

it is a quite promising species for aquaculture.
) i or effects of pellet food supplemented Yucca
Culturing black apple snails has taken place . .
delv in freshwater bod: 0 . Formulation on the growth and survival rate of
widely in freshwater bodies across the coun . . ..
?711 ) he Mek Delta b ry, this species.” In addition, the effects of some
especially in - the ckong Delta because environmental factors on black apple snails have

snails have great potential for farming, high been reported in some research, for example,

consumption demand, and bring stable economic the effects of light conditions on the hatching

efficiency to farmers. However, the natural rate, growth and survival rate,' effects of pH on

resources of black apple snails are decreasing
due to the invasion of the golden apple snail,
overexploitation and an increasingly polluted
environment.! There have been some studies

*Corresponding author:

Email: vovanchi@gnu.edu.vn
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growth and survival.® However, in the world and
also in Vietnam, there have not been any studies
on the effects of water depths on the growth or
survival of this species. Therefore, this is the first
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to examine the effects of water depths on black
apple snails during the rearing period.

2. MATERIALS AND METHODS
2.1. Experimental design

After hatched for 1 day, snails were chosen to
arrange the experiment on water depth levels.
The experiment was repeated 3 times with 4
different water levels (15 cm, 20 cm, 25 ¢cm and
30 c¢m) used to rear snails in the tank of 50 cm x
40 cm. Water lettuces were used as the substrate
with a distribution area of % of the tanks. 300
snails were selected and arranged in each tank.
The total rearing time was 30 days. In the first
15 days, the snails were fed duckweed and in
the next 15 days, they were fed fresh calabash
twice a day (morning and afternoon). Every
3 or 4 days, 50% of the water in the tank was
siphoned and changed, and 100% of the water
was changed every 10 days.

2.2. Measurement of factors

defined.
Temperature was measured every day using
thermometer AS ONE JC-2211, and pH and
DO were measured every day while NH, was

The environment factors were

measured every 5 days using test Sera— Germany.

Survival and growth (the height, width
and weight) of snails were examined every 10
days. Survival of snails was calculated as a
percentage of a number of snails at examining
time per number of snails at the beginning. The
height and width of snails were measured using
a caliper with an accuracy of 0.1 mm according
to the method of Olena et al.” The weight of
the snails was measured using a scale with an
accuracy of 0.01 g.

2.3. Data analysis

Mean values and standard deviation were
analysed using Microsoft Excel 2013. SPSS 20.0
using One-way ANOVA with LSD post hot test
was applied to compare the differences between
means of the treatments with significance
p <0.05.

3. RESULTS AND DISCUSSION
3.1. The environmental factors

During the experiment, temperature varied from
27 - 29 °C. Suitable temperature for black apple
snails is 20 - 32 °C. When the temperature is
below 15 °C or above 40 °C, the snails go into
hibernation or aestivation.!® Aquatic animals
grow well at temperatures of 25 - 30 °C," or
proper temperature for aquaculture pond water is
between 20 and 30 °C."? Thus, the temperature in

the experiment is suitable for black apple snails.

Water was changed every 3 - 4 days, so
pH was stable with a value of 6.5. Thao and
Binh’ reared these snails with 3 levels of pH
(6, 7 and 8) and reported that snails grew and
survived best at pH of 8. Phu and Ut believed
that suitable pH for aquatic creatures is from 6.5
to 9.0."* Similarly, the suitable pH range for fish
culture is 6.5 - 9.0.1> According to Wurts and
Durborow!* and Bhatnagar et al,'* a pH between
6.5 and 9 is essential for aquaculture pond.
Therefore, the pH value in this experiment is in a
proper range although it is not the most optimal
for black apple snails.

In this study, DO was 5 mg/L and NH,
was less than 0.03 mg/L. Bhatnagar et al'® and
Bhatnagar and Singh reported that DO >5 ppm is
essential for good aquaculture while Ekubo and
Abowei believed that if fish are exposed to less
than 0.3 mg/L of DO for a long time period, they
can die and 5.0 mg/L is adequate for them.!®!”
The toxic levels of NH, for short-term exposure
usually lie between 0.6 and 2.0 mg/L, and
sublethal effects may occur at 0.1 to 0.3 mg/L."
Maximum limit of ammonia concentration for
aquatic animals is 0.05 mg/L."? According to
Vietnamese standard TCVN 13952:2024 for
freshwater aquaculture, proper DO and NH, for
freshwater animals are more than 4 mg/L. and
less than 0.1 mg/L respectively.”” Thus, these
values in the experiment are suitable for black
apple snails.
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3.2. The growth of black apple snails

At 10 days of rearing, the height of snails reared
at 30 cm was highest, with value of 7.23 mm
(p<0,05) while these values in 3 remaining
treatments were not different (p>0,05). After
20 days of rearing, snails cultured at 15 cm had
the lowest height (8.22 mm), followed by snails
reared at 20 cm (8.87 mm), at 25 cm and 30 cm
(9.97 mm and 9.90 mm respectively, p<0,05).

However, the height of snails reared at 25 cm
and 30 cm did not differed at 20 days of rearing
(p>0.05). At 30 days (Table 1), the height of
snails in 4 treatments was totally different, of
which, snails reared at 30 cm had the highest
value (12.87 mm), followed by the values at
25 ¢m, 20 cm and 15 ¢cm (12.06 mm, 11.08 mm
and 10.54 mm respectively) (p<0.05). Thus, the
deeper water levels may be more suitable for the
height growth of snails.

Table 1. The height (mm) of black apple snails at different water levels.

Rearing time Water depths
(days) 15 cm 20 cm 25 cm 30 cm
0 3.62+0.14° 3.62+£0.14° 3.62+£0.14° 3.62+0.14°
10 6.72 £0.47° 6.58 +0.42° 6.56 £0.45° 7.23+0.58°
20 8.22 +0.48° 8.87 +0.85° 9.97 £ 0.96° 9.90 £ 0.67
30 10.54 £ 0.41¢ 11.08 £0.57° 12.06 + 0.44° 12.87 £ 0.84?

Note: In the same row, the different superscript letters indicate the significant difference (p<0.05), n=30.

Similar to the height, after 10 days of
rearing, the width of snails reared at a water
depth of 30 cm reached the highest value
(5.83 mm, p<0.05) while the width of snails
cultured at the 3 remaining water depths (15 cm,
20 cm and 25 cm) was not significantly different
(p>0.05). After 20 and 30 days of rearing, the
widths of snails at water levels of 15 cm and

20 cm were not significantly different (p>0.05)
and smaller than those at water depths of
25 cm and 30 cm (p<0.05). At 30 days of rearing
(Table 2), the snail width at 15 cm, 20 cm, 25 cm,
and 30 cm were 8.30 mm, 8.51 mm, 9.62 mm,
and 9.59 mm, respectively. Therefore, it can
be seen that snails adapt better at deeper water
levels when they grow up.

Table 2. The width (mm) of black apple snails at different water levels.

Rearing time Water depths
(days) 15 cm 20 cm 25 cm 30 cm
0 3.06 +0.05° 3.06 £0.05° 3.06 £0.05° 3.06 £0.05°
10 5.28 £0.34° 5.25+£0.26" 534 +£0.41° 5.83 £0.42¢°
20 6.68 £0.43" 6.75 £0.67° 7.75 £0.31* 7.63 £0.56°
30 8.30 £ 0.26° 8.51 £0.49° 9.62 +0.43% 9.59 +£0.65*

Note: In the same row, the different superscript letters indicate the significant difference (p<0.05), n=30.

The weight of snails after 10 days of
rearing was highest at a depth of 30 cm (p<0.05),
while in the remaining 3 treatments there was

https://doi.org/10.52111/qn;js.2025.19106

no statistical difference (p>0.05). After 20 days
of rearing, the weight of snails at 25 cm and
30 cm were the highest (0.224 g and 0.226 g,
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respectively, p<0.05), followed by weight at the
depth of 20 cm (0.200 g) while at the depth of 15
cm was still the smallest (0.157 g, p<0.05). After
30 days of rearing, the weight of snails in the 4
treatments was completely different (Table 3).
Specifically, the weight of snails at the depth of

15 cm was the smallest (0.290 g), followed by
this at 20 cm (0.328 g), 25 cm (0.454 g) and the
highest value was at the depth of 30 cm (0.495 g).
In general, snails tend to grow better when reared
at greater depths.

Table 3. The weight (gram) of black apple snails at different water levels.

Rearing time Water depths
(days) 15 cm 20 cm 25 cm 30 cm
0 0.015 £ 0.005* 0.015 £ 0.005* 0.015 £ 0.005* 0.015 £+ 0.005*
10 0.084 £0.019° 0.083 £0.017° 0.080£0.018° 0.103 £ 0.023*
20 0.157£0.019¢ 0.200 £ 0.053° 0.224 £0.027° 0.226 £ 0.040°
30 0.290 + 0.033¢ 0.328 = 0.040¢ 0.454 £ 0.067° 0.495 +0.095°

Note: In the same row, the different superscript letters indicate the significant difference (p<0.05), n=30.

After 30 days of rearing, with initial
height, width, and weight of 3.62 mm, 3.06 mm,
and 0.015 g, respectively, the black apple snails
reached a height of 10.54 - 12.87 mm, a width of
8.30 - 9.62 mm and a weight of 0.290 - 0.495 g.
These results are much higher than those of
report by Binh and Thao although these authors
reared snails at a lower density and longer time
than us.” Specifically, Binh and Thao reported
that after 35 days of rearing,’ the height and
weight of the snails only reached from 7.77 mm
and 0.12 g at the density of 1200 snails/m? to
9.81 mm and 0.22 g at the density of 300 snails/m?.
In another study of Thao and Binh,?® snails
reared at the density of 50 individuals/tank of
80 x 40 cm at different pH values also gave the
lower growth at pH of 6 and 7 after 40 days of
rearing compared to our results at pH of 6.5
after 30 days of rearing (heights ranging from
7.05 - 11.97 mm and weights ranging from
0.13 — 0.61 g). Or, Thao et al.” used pellet food
supplemented Yucca formulation to feed black
apple snails and the weight and height of snails
after 40 days of rearing were only 0.45 — 0.50 g
and 12.41 — 12.92 mm, respectively. We reared
snails in tanks of 50 x 40 cm at the density of
300 snails/tank (equivalent to 1500 snails/m?)
and used duckweed and fresh calabash as food

while the above authors fed them with industrial
food. This may suggest that, at the early stage,
industrial food may not be completely suitable
for black apple snails. Another study showed
similar results to ours despite only rearing snails
at the density of 900 snails/m?2.%

In this study, black apple snails were
reared at water depth of 15 — 30 cm. In other
studies, the snails were cultured at different water
levels such as at 15 ¢cm,’ 30 cm,? or 30 - 40 cm;’
however, the research results of these authors are
lower than ours despite lower rearing densities.
It is worth noticing that industrial foods or pellet
foods were used in these studies, while we used
duckweed and fresh calabash. Thus, it can be
speculated that not only water depths effect
on growth of snails, but food also plays a very
important role, and foods used in this study are
suitable for black apple snails while industrial
foods or pellet foods may not really proper.

3.3. Survival of black apple snails

In general, the survival rate of snails during
the experiment was very high, with a range of
97.17 — 98.17% (Table 4). At all examining
times (10 days, 20 days, and 30 days), survival
of snails at 15 cm was always lower than that
of 3 other treatments (p<0.05). At the end of the

https://doi.org/10.52111/qnjs.2025.19106
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experiment (30 days), survival of snails at 15 cm,
20 cm, 25 cm, and 30 cm were 97.17%, 98.17%,
97.83%, and 97.67%, respectively. These values
are quite similar to the results of Diem et al.
when studied on the effects of different protein
levels (15%, 20%, 25%, 30%, 35% and 40%)
on growth and survival of snails (with 88.4% at
40% protein to 98.0% at 20% protein), or Thao
et al. (95.83% - 99.33%).” Binh and Thao also
reported a similar survival rate compared to
our results when rearing snails at a density of
300 individuals/m? (97.1%) but lower at other
densities (600, 900, and 1200 snails/m?).> Other
studies also showed lower survival rates of snails,

eg. 66.7 - 88.3% or 34.7% - 76.7%.%%° Thus, it
can be seen that the survival rate of snails in our
study is much higher than in other studies,>**
proving that snails adapt well to the rearing
conditions and foods. We reared them in tanks
and used duckweed and fresh calabash as food.
Although Thao and Binh reported that pH = 8
was a suitable value for black apple snails during
the rearing stage,® it was clear that the survival
rate was quite low compared to our results. This
suggests that the authors might use inappropriate
food or the addition of aluminum alum to reduce
the pH could affect the survival of snails.

Table 4. The survival of black apple snails at different water levels.

Rearing time Water depths
(days) 15 cm 20 cm 25 cm 30 cm
0 100 £ 0.00 100 £ 0.00 100 £ 0.00 100 £ 0.00
10 97.67£0.29° 99.00 = 0.87* 98.33 £0.58? 98.67 £0.58*
20 97.17£0.29° 98.17 £0.76* 97.83 £0.29° 97.67 +£0.29
30 97.17+£0.29° 98.17 £0.76 97.83 £0.29° 97.67 £ 0.29°

Note: In the same row, the different superscript letters indicate the significant difference (p<0.05), n=30.

4. CONCLUSION

The environmental factors in the experiment
were suitable for the black apple snails. The
height and weight of snails were biggest at a
water depth of 30 cm (12.87 mm and 0.495 g,
respectively), while the width of snails reached
the highest value at 25 c¢cm and 30 cm (9.62
mm and 9.59 mm, respectively). The survival
rate of snails was very high (97.17 — 97.83%),
and the snails reared at 20 ¢cm, 25 c¢m, and 30
cm had higher survival rates than that of 15
cm. In general, the water depth of 30 cm is the
most suitable for black apple snails in rearing
conditions.
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ABSTRACT

This paper gives an alternative equivalent condition for a finite family of normal matrices to be simultaneously diago-
nalizable via *-congruence. The matrices do not need pairwise commute. A corresponding MATLAB package is developed. Some

numerical tests for this package are also presented.

Keywords: *-congruence, simultaneous diagonalization via congruence, simultaneous diagonalization via similarity, normal

matrices.

1. INTRODUCTION

The problems of simultaneously diagonalizing a family
of matrices (via congruence or similarity) are known
to be long-standing due to their applications, for exam-
ples, signal processing, data analysis and multi-linear
algebra, ! quadratic equations and optimization, >3 ...

There is a relationship between two concepts of
simultaneous diagonalizations via similarity (SDS) and
via congruence (SDC); see, e.g., in the book of Horn
and Johnson.* One should, hence, need to distinguish
these existing concepts as follows.

Notations and definitions. Let ' denote the
field of real numbers R or complex ones C, and F"*"
be the set of all square matrices of order n with en-
tries in F. Let .", 27", and 4" denote the sets of real
symmetric, Hermitian, and normal matrices in F"*" | re-
spectively. By .*, .7, we denote the conjugate transpose
and transpose of a matrix, respectively. For A € 7",
we write A > 0 (resp., A > 0) for the meaning that A is
positive semidefinite (resp., positive definite). As usual,
I,«q denotes the n x d identity matrix, and we shortly
write I, if n = d.

Matrices Cy,...,C,, € F"*" are said to be

(1) simultaneously diagonalizable via similarity on
F, shortly F-SDS, if there exists a nonsingular ma-
trix P € F"" such that P~!C;P’s are all diagonal
matrices in F"*". When m = 1, we will say “Cj is
F-DS”, or F-diagonalizable as usual;

*Corresponding author.

Email: lethanhhieu@qnu.edu.vn

https://doi.org/10.52111/qnjs.2025.19107

(i1) simultaneously diagonalizable via *-congruence
on [F, abbreviated %-SDC, if there exists a nonsin-
gular matrix P € F"*" such that P*C;P is diagonal
for every i=1,...,m. When m = 1, we will say
“Cy is x-DC”,

In case C;’s are all Hermitian, it is worth mention-
ing that the diagonal matrices P*C;P’s are always
real due to the Hermitianian of C;’s. Moreover, P
can be chosen to be real if C;’s are all real.’

(iii) simultaneously diagonalizable via T-congruence
on [F, abbreviated T-SDC, if there exists a nonsin-
gular matrix P € F"" such that PT C;P is diagonal
for every i = 1,...,m. When m = 1, we will say
“Cyis T-DC”.

Unlike the *-SDC case, the diagonal matrices
P*C;P’s do not need to be real even C;’s are real
symmetric. The readers are referred to the work
by Bustamante et. al.® for the 7-SDC properties;

(iv) commuting if they pairwise commute: C;C; =
CiCiforeveryi,j=1,...,m.

In the rest of this paper, the term “SDC” will
mean either “simultaneous diagonalization via con-
gruence” or “simultaneously diagonalizing via congru-
ence”, or “simultaneously diagonalizable via congru-
ence”, and depending upon the situation, we will rec-
ognize the - or T—congruence. It is analogous to the
term “SDS”.
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An overview of the SDC problem. The SDC
problem is known that first appeared in 1868 by Weier-
strass,” in the 1930s by Albert,® Finsler,® Hertenes, '°
and later studies developed some conditions ensuring
that two quadratic forms are SDC (see, e.g., in., works
by More!! and Pong!? and references therein). How-
ever, these works provide only sufficient conditions, ex-
cept for a few ones.*13

From the practical point of view, Bunse-Gerstne
et al.'* proposed a Jacobi-like algorithm for SDC two
commuting normal matrices, and this is numerically ex-
tended to several commuting ones by Mendle.'> Re-
cently, there have been some works 1617 that present
some (equivalent or sufficient) conditions for the -
SDC property of collections of either complex or real
Hermitian matrices, and another one deals with the 7T'-
SDC problem for complex symmetric matrices.® It is
noticed that the *- and T-congruences coincide only
when the initial matrices are real symmetric, which are
also real Hermitian. The two *-SDC and T-SDC prob-
lems are different, even if the initial matrices are sym-
metric. For example, Bustamante et. al.® show that the
two real symmetric matrices

01 11
Cl_{l 1}’@_[1 0]672

are T-SDC. But they are not *-SDC over C.>

Several works deal with the normal SDC prob-
lem, i.e., the simultaneous diagonalization of several
normal matrices via *-congruence.'®!® However, they
sound purely theoretical. There has been no algorithm
to detect whether the given normal matrices are x-SDC.

Contribution of the paper. In this paper, we
solve the normal SDC problem, i.e., the simultane-
ous diagonalization of several normal matrices via *-
congruence. We first give a sufficient and necessary
condition for a finite family of normal matrices to be
simultaneously diagonalizable (via either congruence
or similarity). It is noticed that the SDC property of
a family of arbitrary square matrices can be checked
by splitting the matrices into their Hermitian and skew-
Hermitian parts.> The SDC property of the matrix fam-
ily is confirmed if a positive definite matrix exists that
solves a system of linear equations defined by the Her-
mitian and skew-Hermitian parts; see Theorem 7 below.
The number of linear equations depends upon the num-
ber of Hermitian and skew-Hermitian parts. This may
have a big computation complexity. Our (sufficient and
necessary) condition in this paper restricts the number
of such matrix linear equations.

On the other hand, we develop a MATLAB pack-
age to solve the normal SDC problem and its numerical
tests.

Auxiliary results. We now recall some existing
results on SDC that will be frequently used in this pa-
per.

Lemma 1. ° Suppose there is 0 # A € R™ such that

C(A) = 0, where, without loss of generality, we assume
A # 0. Then Cy,...,Cy € " is SDC if and only if
PTC;P and PTCjP commute for all 2 <i# j <m, where
P is determined such that PYC(A)P = I (the identity
matrix).

As shown in the paper of Jiang and Li,> the ma-
trix P in Lemma 1 is determined as P = UD'/ 2 where
U is orthogonal and D'/2 is the square root of the diag-
onal matrix D in an eigenvalue decomposition of C(1) :

D=UTC(A)U.
The following results can be found in many

books on Linear Algebra; their proofs are hence omitted
in this paper.

Lemma 2. “ (i) Every A € S can be diagonalized via
similarity by a unitary matrix. That is, it can be written
as A =UAU", where U is unitary, A is real diagonal
and is uniquely defined up to a permutation of diagonal
elements.

Moreover, if A € " then U is picked to be real.

(ii) Suppose each of Cy,...,Cy,, € " is F-DS.
Then, they are F-SDS if and only if they are commuting.

(iii) Let A € F"™" | B € F"™ ™ The matrix M =
diag(A, B) is diagonalizable via similarity if and only if
so are both A and B.

(iv) A complex symmetric matrix A is diagonaliz-
able via similarity, i.e., P~ AP is diagonal for some in-
vertible matrix P € C"*"_ if and only if it is complex or-
thogonally diagonalizable, i.e., Q'AQ is diagonal for
some complex orthogonal matrix Q € C™": QTQ =1.

(v) Suppose A = diag(oul,, ..., 0ly, ), 04’s are
distinct. If AB = BA then B = diag(By,...,By) with
B; € "% for all i = 1,...,k. Furthermore, B is Her-
mitian (resp., symmetric) if and only if so are B;’s.

Construction of the paper. Section 2 is devoted
to the SDC problem for normal matrices, in which we
give a sufficient and necessary condition for a family
of normal matrices to be SDC. And then, we propose
a corresponding algorithm. Section 3 discusses the nu-
merical experiments with respective our SDC algorithm
in Section 2. We also give a numerical example illustrat-
ing our algorithm. Section 4 presents the conclusion.

2. THE NORMAL SDC PROBLEM

In this section, we deal with the normal SDC problem.
Our conditions for a family of normal matrices to be *-
SDC can be viewed as a generalization of that in Theo-
rem 7 below. For convenience to the readers, we revisit
these results as follows.

2.1. SDC and SDS of Hermitian matrices: revisited

We first summarize some existin g results of the
SDC and SDS of several Hermitian matrices. The fol-
lowing is presented in the book of Horn and Jonhson
whose proof does not completely give a nonsingular
matrix that simultaneously diagonalizes the given ma-
trices.* Our proof leads to an algorithm that may be use-

https://doi.org/10.52111/qnjs.2025.19107
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ful in practice. The idea is to follow that of proving The-
orem 9 in the paper of Jiang and Duan for real sym-
metric matrices.?

Theorem 3. ° The matrices I,Cy,...,Cpn € A", m>1,
are SDC if and only if they are commuting. Moreover,
when this is the case, they are SDC by a unitary matrix,
and the resulting diagonal matrices are all real.

Theorem 4. Let Ay,..., A, € FP" m > 1, be such
that each of them is diagonalizable via similarity. Then,
these matrices are simultaneously diagonalizable via
similarity (shortly, SDS) if and only if they pairwise
commute.

The following are not hard to prove, we omit
their proofs.

Lemma 5. The matrices Cy,...,Cy, € F" are SDC if
and only if for any A € R™ with a A; # 0, the matrices
Cl, e ,C,;l,z;n:l &ChCiH yoos ,Cm are SDC.

Lemma 6. ° The matrices C; = {C(‘)l (())} ooy Gy =
k

[%’” (ﬂ are SDC if and only if so are Cy,...,Cp,.
k

Using Theorem 3, we comprehensively describe
the SDC property of a family of Hermitian matrices as
follows.

As a consequence of Theorem 3, every commut-
ing collection of Hermitian matrices can be SDC. How-
ever, this is just a sufficient but unnecessary condition.
For example, the matrices

-1 -2 0 1 2 0
C12727280 2 20 0],
0 0 -3
2 40
=14 1 0
0 0 7
are SDC by
1 0 -2
P=10 0 1
01 O

but C,C, # C,C;. The following provides some equiv-
alent SDC conditions for Hermitian matrices. It turns
out that the SDC property of a family of such matrices
is equivalent to the feasibility of a positive semidefinite
program (SDP). This also allows us to use SDP solvers,
for example, “Cvx”,%° ... to check the SDC property of
Hermitian matrices.
Theorem 7. 7 The following conditions are equivalent:
(i) Matrices Cy,...,C,, € H" are SDC.

(ii) There exists a nonsingular matrix P € C"™" such
that P*C\P,...,P*C,P are commuting.

“In fact, the skew-Hermitian part of A is usually defined as 4

https://doi.org/10.52111/qnjs.2025.19107

(iii) There exists a positive definite matrix X=X
—1)

JC" solves the following system of —_ lmear
equations

CiXCj:CjXCi, 1<i<j<m. (1)

IfCy,...,Cy, are real, then one can pick P and X to be
real.

2.2. The normal SDC problem

Recall that a square matrix N € F"™" is said to be
normal if
N*N = NN*.

It is well-known that (real or complex) Hermitian, uni-
tary, orthogonal matrices are normal, but the converse
is not true in general. The readers are referred to, e.g.,
the work by Grone et al.,! for equivalent conditions for
a normal matrix.

The third condition of Theorem 7 leads us to a
sufficient and necessary condition for the x-SDC prop-
erty of a family of arbitrary square matrices. This can be
done by splitting the matrices into their Hermitian and
skew-Hermitian parts as follows. For square matrices

Aq,..., A, € F"" their Hermitian and skew-Hermitian
parts” are
A +AT A — AT
i B C)
2 2i

where i is the imaginary unit, i = —1. Noticing thatA?

and A7 are Hermitian and that
A=AV FiAf, AT =AD —iA?. 3)

It is not hard to show that Ay, ...
only if so areA?,Af7 i=1,....m

, Ay are x-SDC if and

Lemma 8. '3 The square matrices Ay, .. Am € Frnxn

are SDC if and only if so are Ab AP i=1,.

Theorem 7 and Lemma 8 lead to a sufficient and
necessary condition for a family of arbitrary square ma-
trices to be *-SDC, in which, after splitting up the ini-
tial matrices into Hermitian and skew-Hermitian, there
are m(m — 1) matrix equations as in (1). One can apply
Theorem 7 and Lemma 8 to normal matrices. Below,
we will introduce a smaller number of normal matrix
equations; see Theorem 11.

Since any normal matrix is always diagonaliz-
able by a unitary one,* it is diagonalizable via both
sense similarity and congruence.

It is well-known that any finite family of com-
muting square matrices can be simultaneously upper
triangularized by a unitary matrix.4 Moreover, if these
matrices are normal, then so are the resulting upper tri-
angular matrices, and hence they are diagonal. Theorem
4 thus leads to the following observation.
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Lemma 9. # Normal matrices N; yeors Ny are SDC by a
unitary matrix if and only if they pairwise commute.

Consequently, the normal matrices Ny,...,Ny,
are SDS if and only if they are SDC by a unitary ma-
trix.

Proof. Suppose Ni,...,N, pairwise commute. There
exists a unitary matrix U such that U*N;U is upper tri-
angular for every i = 1,...,m.* Since U*N;U =: T; is
normal due to the normality of N;, T; must be diagonal.
Thus Ny,...,N,, are SDC by the unitary matrix U.

Conversely, if Ny,...,N,, are SDC by a unitary
matrix U, then U*N;U’s are diagonal and pairwise com-
mute. This implies the commutativity of U*N;U’s and
that of N;’s.

The last part is obvious. O
Lemma 10. Let M,N be normal matrices and X be a

square matrix of the same order n. The following state-
ments are true:

i) The conditions
MXN = NXM “)
MXN* = N*XM 5)

hold if and only if all the following conditions hold:

MY X-NY =ND.XxX.MD, (6)
MY.X.N* =N°.X-MY, (7
M®-X-NY =NbY.x.M5, )
M®-X-N° =N°-X-M°. )

ii) Moreover, with the above materials and if X
is Hermitian then (7)&(9) can be replaced by

MY X -M® =M5-X-MY, (10)
N°-X-NY =Nb.x.N5. (11)

Proof. The observation is derived from direct compu-
tations, see the Appendix 4, using the expansions (2)
and (3) for M and N. O

The following is our main theorem.

Theorem 11. Let Ny,...,N,, € V" m > 2. The follow-
ing conditions are equivalent:

i) Ni,...,Ny are SDC.

ii) There exists a nonsingular matrix P such that
the matrices P*N,P, P*N;P, t = 1,...,m, pairwise
commute.

iii) There exists a positive definite matrix X such that
Nl'XNj = NjXNi and
NiXN; =N;XN;, 1<i<j<m. (12

iv) The matrices Nth,Nf, t=1,...,m, are SDC.

Proof. The equivalence of i) and iv) is obvious due to
the authors’ work.> Theorem 3.1

i) = ii). Suppose Ny, ...,Ny are SDC by a non-
singular matrix P, that is the matrix P*N;P is diagonal,
and so is P*N; P, for every i = 1,...,m. It is then obvi-
ous P*N;P, P*N/P,t = 1,...,m, pairwise commute.

if) = iii). Suppose the 2m matrices
P*N;P,P*N/P, i = 1,...,m, pairwise commute, for
some nonsingular matrix P. Then

(P*N;P) - (P*N;P) = (P*N,P) - (P*N;P),
(P*NiP) - (P*N}P) = (P*N}P)- (P*NP),

for every i # j. This implies

N;(PP*)N; = N;(PP*)N;,
Ni(PP*)N} = N} (PP*)N;

for every i # j. The conclusion is obvious with X =
PP*.

iit) = i). Let Q be the square root of X > 0 sat-
isfying (12). Note that Q = Q™. It follows from (12) that
the matrices ON;Q,ON;Q’s pairwise commute. This
implies that, for 1 <t¢,1 <m,

N,Q’N; = N;Q*N;, N,Q>N; = N; Q*N..

Applying Lemma 10 to each pair of (¢,/) and X = Q> =
0*Q > 0, one obtains the commutativity of the Hermi-
tian matrices

QNthQa QN,EQ, t=1,....m.

By Lemma 9, these latter matrices are SDC by a unitary
matrix V, and hence so are the matrices QN,Q’s due to
Lemma 8. This yields Ny,...,N,, are SDC by the non-
singular matrix U = QV. O

Algorithm 1. SDC of normal matrices.

INPUT: Ny,...,N, € 4",

OUTPUT: A nonsingular matrix U such that U*N;U’s
are diagonal.

Step 1: If the system (12) has a positive definite solu-
tion X, go to the next step.
Otherwise, conclude the initial matrices are not
SDC.

Step 2: Compute the square root X > of X by using
eigenvalue decomposition of X .

Step 3: Simultaneously diagonalizing the commuting
and Hermitian matrices

1.1 ol A1 1
EXZ(Ni‘i‘Ni )X, EXf(N,- —N)X 7,
fori=1,...,m, by applying the Jacobi-like al-
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gorithm,? to determine a unitary matrix V. Re-
turn U = QV.

The last step of Algorithm 1 can apply the
Jacobi-like algorithm Algorithm 3.1 exploiting the
works by Bunse-Gerstner et. al. and by Mendl. 51415

Example 1. The real symmetric matrices

0 1 11
Cl_|:1 1:|a C2_|:1 0:|7

which are normal, are C-SDC as shown in the work of
Bustamante and collaborators.® However, they are not
R-SDC due to Theorem 7. Indeed, we want to check if

there is a positive semidefinite matrix X = [; )Z] } >0,
which is equivalent to x > 0 and xz > y?, such that
C1XC, =G XC (= (C1XC)Y).
This is equivalent to
{ x>0,  xz>y?
x+y+z =0.
But the last condition is impossible since there do not

exist x,z > 0 such that xz > y* = (x+2)?. Thus C; and
C, are not SDC on R. o

Example 2. . Let

1 1 1 0O 1 0
N=1[1 1 1], N=|1 -1 1],
1 1 1 0o 1 0
3i i i
N3=|—- 5i —i
i —i 3i

Theorem 11 leads to finding a positive definite matrix

Xy z
X=1y t u|l >0, x,t,veR, (13)
Z u v

which is equivalent to that
& x> 0,xt > |y]?,det(X) >0,
such that
NiXNj=N;XN;,
N:XN; = N;XN;,
1 <i< j<3. By directly computing, with the help of

the expansion y = Re(y) + ilm(y) and similarly to u,z,
the linear system above (in X) is equivalent to

V=X, t=X—YyY+z, u=y=y, z=2.

https://doi.org/10.52111/qnjs.2025.19107

We then pick x =3, z=2, y=u =0, =5 and then
30 2
X=1(0 5 00
2 0 3

makes XINX?, XINoX2, XIN;X2, XINiX2,
X%NE‘X%, X%N3*X% to be commuting by Theorem 11.
Thus three initial matrices are SDC on R, and so are
they on C.

We will see Example 3 showing the numerical
experiment of computing a square root of X and a non-
singular for *-SDC Ny, N, and Ns. o

3. NUMERICAL TESTS

In this section, we perform some numerical tests il-
lustrating our main algorithm implemented in MAT-
LAB R2022a running on a PC with Intel Core i3 CPU
3.3GHz, 8GB RAM, Windows 10 x64 operating sys-
tem.

It is well known that a matrix N is normal if
and only if it can written as N = A +iB with A* = A,
B* = —B and AB = BA. Notice furthermore that A = A*
has only real eigenvalues, while B is skew-Hermitian,
and hence its eigenvalues are all purely imaginary, As
an existing result,> A and B are *-SDC by a unitary
matrix. This leads us to set up a collection of normal
matrices that are for sure *-SDC as follows. Fix a uni-
tary matrix Q, and pick m diagonal matrices D; whose
diagonal elements are real in (1,1), and m diagonal
ones S; whose diagonal elements are purely imaginary
in (1,1). Then the corresponding normal matrices are
constructed as

N,':Q(D[-i-iS[)Q*, i=1,....m,

which are #-SDC by Q. . The first stage of Algorithm
3.2 is implemented with the CVX toolbox [19] call-
ing SDPT3 version 4.0 [36] that solves the following
semidefinite program:

min{s ‘ X>=0,5s> S,NiXNj :NjXNi,
NiXN; =NjXN;, 1 <i<j<m}, (14)

where the tolerance € > 0 is given. We then exploit
the MATLAB function sqrtm.m, which executes the
algorithm proposed by Deadman and collaborators, >
to compute the square root Q of X. For the second
stage, we thank the works of Mendl for executing the
Jacobi-like algorithm.!5 In our experiment, we pick € as
the floating-point relative accuracy eps(%) of MAT-
LAB for detecting the SDC property as in (12), while
we keep their tolerance for the last stage to be eps to

the power of 3.15 We have performed the tests with the

collections of at most 20 normal matrices (of common
sizes 5,10,...,30, respectively). All experiments give
the backward errors approximately bounded above by
1078,
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Example 3. We continue Example 2 with finding a non-
singular matrix U that *-SDC N;,N, and N3. We first
numerically compute the square root of X as

1 1.6180 0 0.6180
X2 ~ 0 2.2361 0
0.6180 0 1.6180

Noticing that N;,N, are real symmetric and
N3 is complex symmetric. Furthermore, for a nonsin-
gular matrix P. P*N3P does not need to be normal.
So, we cannot apply the extended Jacobi-like algo-
rithm. 1> However, we can apply the SDP-SDC method
to the matrices X IN; X2, X2N,X2, X2 3 (N3 +N§‘)X%
and X2 %(Ng‘ —N3)X 2.3 which are all Hermitian and are
commuting, to obtain the nonsingular matrix

—0.4082 —-0.7071 0.5774
V~| 0.8165 0 0.5774
—0.4082 0.7071  0.5774

that simultaneously diagonalizes the latter matrices
above. Finally, a nonsingular that simultaneously diag-
onalizes the initial matrices Nj, N, N3 is

1 —-0.9129 —-0.7071 1.2910
U=X?2V ~ | 1.8257 0 1.29101 ,
—-0.9129 0.7071 1.2910
where

U*N,U ~ diag(0,0,15),
U*N>U =~ diag(—10,0,5),
U*N3U = diag(30i,2i, 15).

4. CONCLUSION

We have provided a sufficient and necessary condition
for a finite family of normal matrices to be simultane-
ously diagonalizable via x-congruence. A correspond-
ing MATLAB package has been developed, and some
numerical tests have also been performed.
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Appendix
Proof of Lemma 10. 1) By applying (3) to M and N, one
has
MXN = (MPXN" — M*XN*®)
+i(MYXN* +MXN"),
NXM = (NYXM" — N°XM?)
+i(N°XM" + N XM*?),
MXN* = (MYXNY + M°XN*)
—i(MPXN® — M*XNY),
N*XM = (NYXM" + N°XM*)
—i(N°XM" — N XM*®).

Substituting the above identities into (4)-(5) one obtains
that

MOXND — MSXN® = NYXMY —N°XM*,
MYXN® + M*XN" = N°XM" + NOXM*,
MYXNY + MSXN® = NOYXMY + N°XM*,
MYXN® —M*XN" = N°XM" — NYXM*.

Adding side-by-side the first and the third (resp., the
second and the fourth) equations one has

MYXNY =NOXMY, MOXN® =N°XM".

Subtracting side-by-side the first and the third (resp.,
the second and the fourth) equations one has

M®XN® = N°XM*, M°XNY = N"XM*,

Conversely, from (2), the identities (6)-(9) are equiva-
lent to

(M +M*X(N+N*) = (N+N*)X (M +M"),
(M+M*)X(N—N*)=(N—N"X(M~+M"),
(M —M")X(N+N*) = (N+N)X(M—M"),
(M —M*)X(N —N*) = (N —N*)X(M —M*),

respectively. Expanding the above identities leads to
that

MXN +MXN*+M*XN+M"XN*
NXM +NXM* +N*XM + N*XM*,
MXN —MXN*+M*XN —M*XN* =
NXM +NXM* —N*XM —N*XM",
MXN+MXN* —M*XN —M*XN*
NXM —NXM* +N*XM — N*XM",
MXN —MXN*—M*XN+M*XN*
NXM —NXM* —N*XM +N*XM".

By adding side-by-side the above identities, we have

MXN = NXM.

Similarly, by adding the first and the third, then sub-
tracting the second and the fourth identities, side-by-
side, we additionally obtain

MXN* =N*"XM.

ii) This is an immediate consequence of the first part
with noting that X* = X and

M+M"=U(Ay+Au)U*,
M—M*=U(Ay —Ay)U",
N+N*=V(Ay+AN)V",

N—N*=V(Ay —Ay)V*,

where M = UAyU*, N = VANV are eigenvalue de-
composition of the normal matrices M and N (Ayr, Ay
are complex diagonal and U,V are unitary matri-
ces). O

© 2025 by the authors. This Open Access Atrticle is licensed under the Creative Commons Attribution-NonCommercial 4.0
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TOM TAT

"Pai trang hoan Ba Giang", mot bai thude dan gian ndi tiéng cua lvong y Ba Giang, da duoc sir dung phd
bién ¢ Viét Nam hon mot thé ky qua dé diéu tri viém loét dai trang va tiéu chay. Trong nghién ctru ndy, cac mau
thao dugc kho duge chiét xut bang ethanol 70% dé thu duge dich chiét (DTBG). Berberin, mét hop chit chinh
trong DTBG, di duoc tach chiét bang phuong phap sic ky cot silica gel. Cau triic ciia hgp chit nay duoc xac dinh
qua phan tich phd va so sanh vai dir liéu phd da cong bd. Bao cao cung cap binh luén chi tiét vé phd cta berberin,
sir dung céc ky thuat phd UV-Vis, FT-IR, EI-MS, 1D-NMR va 2D-NMR.

Tir khéa: Berberin, protoberberine alkaloid, phén tich phé.
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ABSTRACT

The traditional herbal remedy “Pai trang hoan Ba Gidng,” attributed to the renowned herbalist Ba Giang,

has been widely used in Vietnam for over a century, particularly for the treatment of ulcerative colitis and

diarrhea. In this study, dried herbal materials were extracted using 70% ethanol, resulting in an extract known as

DTBG. Berberine, a key alkaloid in DTBG, was isolated using silica gel column chromatography. Its structure
was elucidated through comprehensive spectral analyses, including UV-Vis, FT-IR, EI-MS, and 1D/2D-NMR
techniques. This report provides a detailed discussion of berberine’s spectral data, contributing valuable insights

into the chemistry of this compound.

Keywords: Berberine, protoberberine alkaloid, spectral analyses.

1. INTRODUCTION

Vietnamese traditional medicine (VTM) has been
utilized for centuries, relying heavily on herbal
remedies that are perceived as safe, natural,
and without significant side effects. Among the
various diseases addressed by VTM, ulcerative
colitis, marked by symptoms such as abdominal
pain, diarrhea, rectal bleeding, and weight loss,
stands out as a major health concern.! Since the
early 20" century, the herbal remedy "Dai trang
hoan Ba Gidng" (BG) has played a pivotal role
in treating inflammatory bowel disease and
diarrhea in traditional Vietnamese medicine.

The efficacy of BG is attributed to its
rich composition of bioactive compounds,
particularly alkaloids. Alkaloids are organic

*Corresponding author.

Email: nhoangsa@gmail.com

https://doi.org/10.52111/qn;js.2025.19108

compounds containing nitrogen, and they are
recognized for their diverse chemical structures
and broad medicinal properties. The biosynthesis
of these compounds can vary significantly across
plant species, contributing to their complex
pharmacological effects.

BG is a traditional herbal formula
composed of a variety of medicinal plants,
including Radix glycyrrhizae (Cam thao),
Atractylodes
Rhizoma coptidis (Hoang lién), Saussurea
lappa (Moc huong), Poria cocos (Bach linh),

macrocephala  (Bach  truat),

Codonopsis pilosulae (Dang sam), a fermentative
herb mixture (Than khuc), Myristica fragrans
(Nhuc dau kh'élu), Citrus reticulata (Trﬁn bi),
Hordeum vulgare (Mach nha), Malus doumeri
(Son tra), Dioscorea persimilis (Hoai son), and
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Amomum villosum (Sa nhan). Each of these plants
contributes to the therapeutic potential of BG.

Several of these ingredients have shown
remarkable bioactivities. For instance, Rhizoma
coptidis (Hoang lién) exhibits cytotoxic effects
against a variety of cancer cell lines and possesses
anti-proliferative properties, particularly on
human esophageal cancer cells.” Its primary
alkaloid constituents have also demonstrated
inhibitory effects on arthritis.* Furthermore,
Atractylodes macrocephala (Bach trudt) has
been reported to inhibit nitric oxide (NO)
production in activated macrophages, exhibit
neuroprotective and anti-inflammatory effects,
and induce apoptosis in human leukemia cells.*®

In a recent study, we investigated the
effects of the ethanol extract from BG on acute
myeloid leukemia (OCI-AML) cells. The extract
exhibited significant anti-cancer activity while
showing no observable toxicity in acute and
subchronic toxicity studies conducted on mice.’

In this study, dried powders of BG's
herbal components were extracted using 70%
ethanol, resulting in an ethanol extract referred
to as DTBG. Berberine, a prominent alkaloid
isolated from DTBG, was subjected to detailed
structural characterization. This study provides
a comprehensive spectral analysis of berberine,
utilizing UV-Vis, FT-IR, EI-MS, and NMR
techniques, including both one-dimensional and
two-dimensional 'H/"*C NMR experiments in
DMSO-d,.

2. METHODS
2.1. General

The EI-MS spectrum was recorded using an
Agilent mass spectrometer. Proton nuclear
magnetic resonance ('H-NMR) at 500.13 MHz
and carbon-13 nuclear magnetic resonance
(PC-NMR) at 125.77 MHz were performed
on a Bruker Avance 500 NMR spectrometer at
room temperature. Chemical shifts are reported
in delta (8) parts per million (ppm). Coupling
constants (J) were provided in Hertz (Hz).

2.2. HPLC-DAD detection of the concentrations
of the DTBG

The concentration of compounds in the DTBG
extract was determined using high-performance
liquid chromatography with diode-array
detection (HPLC-DAD). An Eclipse XDB-C
column (5 um, 4.6 mm % 250 mm) was used at
30 °C. The mobile phase consisted of solvent
A (water with 0.1% formic acid) and solvent
B (acetonitrile with 0.1% trifluoroacetic acid).
A gradient elution was employed, starting with
35% solvent B and increasing to 65% over
45 minutes at a flow rate of 0.5 mL/min. The
detection process lasted 60 minutes at a flow
rate of 0.25 mL/min, with monitoring at 290 nm
and 294 nm. The injection volume was 5 pL.
Berberine was detected with a retention time (R )
of 13.37 minutes in the HPLC chromatogram.

2.3. Herb materials, extraction, isolation, and
purification

The herb materials used in this study were
supplied by Ba Giang Pharmaceutical Company,
Thanh Hoa, Vietnam. A total of 1 kg of dried
"Pai trang hoan Ba Giang" (BG) powder was
subjected to three overnight extractions at
60 - 80°C using 70% ethanol. The resulting crude
extract (DTBG) was obtained by evaporating the
solvent under reduced pressure, yielding 220 g of
extract. The DTBG was fractionated using silica
gel column chromatography, eluted with acetone-
methanol (100:5), producing eleven fractions.
Fraction 5 (3.55 g) was further subjected to silica
gel chromatography using acetone-methanol
mixtures of increasing polarity, resulting in five
subfractions. Subfraction 4 (1.27 g) underwent
further purification using acetone-methanol (1:1)
as the eluent. Additional purification over silica
gel with acetone-methanol-acetic acid (30:30:1)
produced 722 mg of raw berberine.

The raw berberine was dissolved in 10 mL
of methanol, followed by the addition of five
drops of concentrated hydrochloric acid while
gently heating the mixture in a water bath.
The resulting deep yellow solution was filtered
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through a pre-warmed funnel into a pre-warmed
flask. After cooling to room temperature, the
solution was placed in a refrigerator at +4 °C
overnight. Yellow crystals of berberine chloride
formed and were collected by filtration, then
washed with ice-cold methanol. The yield of
berberine chloride was 565 mg, with a melting
point of 195 - 197 °C.

Thin-layer ~ chromatography  (TLC)
analysis of berberine was performed using
n-butanol/cold acetic acid/water (12:3:4 v/v)
as the eluent. Berberine appeared as a yellow
spot with an R, value of 0.53, exhibiting strong
yellow fluorescence under UV light at 366 nm.

Berberine chloride as the ionic form
[M"CI'] was isolated as a yellow powder, with
the following key spectroscopic data: EI-MS
m/z 336 [M]" (rel.% = 2.6), '"H NMR (DMSO-d,,
500.13 MHz): 8, 9.92 (1H, s, H-8), 8.97 (1H,
s, H-13), 8.21 (1H, d, J = 9.0, H-11), 8.01 (1H,
d, J=9.0, H-12), 7.81 (1H, s, H-14), 7.12 (1H,
s, H-4), 6.15 (2H, s, H-2), 4.95 (1H, t, J = 6.5,
H-6), 4.12 (3H, s, 9-OCH,), 4.10 (3H, s, 10-
OCH,), 3.20 (1H, t, J= 6.5, H-5);

5C NMR (DMSO-d,, 125.77 MHz): §_
149.9 (C-10), 149.3 (C-3a), 147.2 (C-14a),
145.0 (C-8), 143.1 (C-9), 137.0 (C-13a), 132.5
(C-12a), 130.2 (C-4a), 126.2 (C-11), 123.0 (C-12),
120.9 (C-13b), 120.0 (C-8a), 119.7 (C-13), 107.8
(C-4), 104.8 (C-14), 101.5 (C-2), 61.5 (C-15),
56.4 (C-16), 54.7 (C-6), 25.8 (C-5).

3. RESULTS AND DISCUSSION

The isolated compound's structure was identified
as berberine by comparing its spectral data with
reference literature.!®!! Berberine belongs to
the class of protoberberine alkaloids, which are
part of the isoquinoline alkaloid group. These
alkaloids often occur as protoberberinium salts,
such as berberine or berberine chloride, or as
tetrahydroprotoberberines. Berberine is well-
known for its bright green-yellow fluorescence,
which is utilized in histological staining to
visualize heparin in mast cells under fluorescence
microscopy.

berberine chloride

Figure 1. Structures of berberine chloride.

Figure 2 presents the HPLC analysis of the
purified berberine from DTBG. The purity of the
isolated compound was determined to be 98.7%.
HPLC analysis was also used to quantify key
marker compounds, including berberine, within
the DTBG extract. The analysis revealed that
berberine content in DTBG was approximately
0.63%, as shown in Figure 3.

mAU
] berberine
8 © /
o
™
| % RetTime Type Area Amt/Area Amount  Grp  Name
6 l [min] [mAU*s] | | [ug/mL] |
| b e | s | s e [ o | s | e
[ 13.275 BB 203.48454 2.58165e-2 5.25325 Berberine
J |
|
“ I
|
2 “w |
‘ |
| ‘ Q\»\
0 iy J § Pt el S b o
M
Y
‘
-2 - ‘
4
5 10 15 2 W 3% 40 i

Figure 2. HPLC analysis of berberine, with the mobile phase composed of ACN-H,0:0.1% TFA in linear gradient

mode over 0-45 minutes, at a flow rate of 1.5 mL/min.
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Figure 3. HPLC chromatogram of berberine from DTBG, using the same mobile phase and flow rate conditions.

The most deshielded proton signal at
9, 9.92 is assigned to H-8 due to its proximity
to the positively charged nitrogen atom (N).
Similarly, the signal at 5, 8.97 is attributed to
H-13 in the same aromatic ring (Figure 4).
The proton signals at 6,, 8.21 and 8.01 form an
AB-spin system with a coupling constant (J)
of 9.0 Hz, which is characteristic of aromatic
protons H-11 and H-12. The NOESY spectrum
(Figure 5) helps differentiate these signals, with
9, 8.21 showing a nuclear Overhauser effect

(NOE) contact with a methoxy group at §,, 4.10,
thereby confirming its assignment to H-11. By
deduction, the methoxy signal corresponds to
H-16. The singletsatd,, 7.81 and 7.12 are assigned
to H-14 and H-4, respectively. NOESY analysis
confirms this assignment through an NOE
contact between H-13 and H-14. The singlet at
9, 6.15, corresponding to two protons, is assigned
to H-2 based on its chemical shift. Multiple
signals at 6, 4.95 and 6H 3.20 are attributed to
methylene protons H-6 and H-5, respectively.

8.0
Figure 4. 'H-NMR of berberine chloride in DMSO-d,..
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Figure 5. NOESY of berberine chloride.

Having fully assigned the proton signals,
the carbon atoms carrying these protons can be
identified using the HSQC spectrum (Figure 6).
However, *C chemical shifts are influenced by the
solvent, potentially causing minor discrepancies
in assignments. The values recorded in DMSO-d,
(Figure 7) are consistent with those reported
by Blasko et al.. '* Quaternary carbon atoms,
which lack direct proton attachments, are more
challenging to assign and often require HMBC
analysis for confirmation.

From H-8, we expect five HMBC
correlations (Figure 8 and Figure 9): three-
bond correlations with C-6, C-13a, C-12a, and
C-9, and a two-bond correlation with C-8a. C-9
should also correlate with the methoxy protons
(H-15), confirming that the signal at 6. 143.1 is
assigned to C-9. Similarly, H-11 correlates with
C-12a, leading to the assignment of the signal
at 8. 132.5 for C-12a. C-13a is correlated with
H-14, assigning the signal at 6. 137.0 to C-13a.

1516
14 4
8 13 1112 U
Soopm) ||y e R
-2 —45
40 —
Y 46 16
60— 3 — 15
80
100 . 3?2
] . :414
120 e y + Bo
140 3
° ] 8
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Figure 6. HSQC of berberine chloride.
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Figure 7. APT *C-NMR of berberine chloride.

C-8a correlates with both H-12 and H-13,
supporting the assignment of the signal at 5. 120.0
to C-8a. All five HMBC correlations for H-8 are
now assigned. In the linear annulated aromatic
ring, the only remaining unassigned quaternary
carbon is C-10, which can be identified via
correlations with H-16 and H-12, giving the
signal at 5. 149.9. The remaining quaternary
carbon signals are from C-4a, C-13b, C-14a, and
C-3a, all part of the isolated aromatic ring. C-3a
correlates with H-2 and H-14, corresponding
to the signal at 5. 149.3. C-14a, linked to H-2
and H-4, corresponds to the signal at 3. 147.2.
C-13b correlates with H-13 and H-4, producing

“ A A
40 30 5. (ppm)

the signal at 6. 120.9, while C-4a is assigned via
correlations with H-14 and H-6 to 5. 130.2.

The UV-Vis spectrum of berberine
chloride (Figure 10) exhibits three prominent
absorption peaks at 227 nm, 252 nm, and 354 nm,
with logarithmic molar absorptivity (lge)
values of 0.750, 0.745, and 0.740, respectively.
Additionally, a weaker absorption band is
observed at 423 nm with a Ige value of 0.15.
These absorption bands, known as B bands,
correspond to forbidden m-electron transitions
(lAlg_) leu)
aromatic systems containing benzene rings or
six-membered heteroaromatic rings.

commonly associated with

15 16
14 4
8 13 11 12 6 ﬂ 5
5, (ppm) | | L l L
: b f A
30—
40~ =
50
i i 6
1 — 16
60*5‘ ‘ L— 15
10 9 8 7 6 5 4 3, (ppm)

Figure 8. HBMC of berberine chloride in the aliphatic '*C region.
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The absorption observed in the blue
region of the visible spectrum contributes to the
compound’s characteristic yellow coloration.
The conjugated m-system of berberine chloride
experiences a bathochromic shift, attributed

to the electronic effects of four auxochromic
oxygen substituents and the positively charged
quaternary nitrogen atom. This shift highlights
the impact of the molecule's structural features on
its electronic transitions and optical properties.

2 1516
14 4
13 1112 ﬂ
5 (ppm) | | | | . 13
100 i,

] g ! 14
110 g ' 4
120 b f o ) | ﬂ B Jsdda

@ 12
) — 11

30 [ —3 4,
130 * i] t] [‘! — 133

;g i ~ 13a
140

e b a

] g | —3 14a
150~ | b | = 33,10

' I ’ ' I T I
10 9 8 7 6 5 4 3, (ppm)

Figure 9. HBMC of berberine chloride in the aromatic *C region.

The crystallization of berberine chloride
with four water molecules explains the strong
O—H vibrational band observed at 3500-3200
cm in the FT-IR spectrum (Figure 11). The
C—H stretching region reveals the presence

of both sp? and sp? hybridized carbon atoms,
while the broad band at 1630 cm™! is attributed
to the C=N vibration. The sharp bands observed
between 1600 and 1450 cm™ correspond to the
C=C stretching of the aromatic rings.

1.0

L1 11

A e

lge 05 - \ /
025 7 \ / \/
] /—\
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Figure 10. UV-Vis of berberine chloride.
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Figure 11. FT-IR of berberine chloride in KBr.

100 -
321

80

278

% Intensity

292306

263

138 191 579
248 296
0 _L_.L_,JMMMMHI 1L L '.ul\ .|I|\ .|‘I . |1LIJJ .'H'

50 70 90 110 130 150 170 190 210 230 250 270 290 310 330
m/z

Figure 12. EI-MS of berberine chloride.
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Figure 13. Electron transfer mechanism in the ionization source, M* (m/z 336), A" (m/z 337), and B** (m/z 335).

https://doi.org/10.52111/qnjs.2025.19108
Quy Nhon University Journal of Science, 2025, 19(1), 87-97 | 95



QUY NHON UNIVERSITY

I SCIENCE

The mass spectrum (Figure 12) reveals
the formation of several ions through an electron
transfer process in the inlet system. The cation
M" (m/z 336) generated from berberine chloride
undergoes radical formation (M"), followed by the
loss of an electron, resulting in the ion detected at
m/z 336. Two additional ions at m/z 335 and 337
are formed through disproportionation reactions,

methyl-cleavage

CH,4

07\
o CO
o
C loss of CO
N H,C
®
HC-©  H
m/z =292 m/z = 320

(rel.% = 33.4) (rel.% = 39.8)

0\
o
I A loss of CO
N
O H i
co

m/z =278
(rel.% =71.4)

| \
N
®

O H

m/z = 306

producing neutral molecules A and B, which are
subsequently ionized (Figure 13).

Other prominent ions at m/z 320, 304, 292,
and 278 are likely generated through a common
cleavage mechanism. These ions, having an even
number of electrons, follow similar fragmentation

pathways, as outlined in Figure 14.

base peak

m/z = 321
(rel.% = 100)

@ base peak
HsC QAN m/z = 321
~— “C% A () (rel.% = 100)
o\ @ o HHH
O
C+

O @)
‘CH,

(rel.% = 37.1)

Figure 14. Cleavage of a methyl group from radical M, leading to the formation of a neutral molecule C and its

corresponding fragment ions.

4. CONCLUSION

the 'H-NMR and "“C-NMR
spectra of berberine chloride have been fully

In summary,

assigned. Comprehensive signal interpretation
was conducted wusing various *D-NMR
spectroscopies: HSQC, NOESY, and HMBC.
Furthermore, supplementary techniques,
including UV-Vis, FT-IR, and EI-MS, were
utilized, yielding precise data for the thorough
structural elucidation of berberine.
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TOM TAT

Trong nghién ctru nay, do bén cac phirc ciing nhu cac lién két hydrogen va dic trung cta chiing trong cac hé
giita acid formic véi cac din xuat aldehyde dugc khao sat mot cach day du. Nhin chung, do bén cua cac phirc duge
tang cudng dang ké ddi voi cac nhom thé day hodc hut electron trong cac dan xuét aldehyde. Cac phirc voi din
xudt thé Se duoc tim thay bén hon so v6i cac phirc Te. Cac phirc d6i voi su thé halogen dugc danh gia kém bén hon
50 v6i cac phitc ctia dan xut thé -CH, va -NH,. C4c két qua thu dugce chi ra d9 bén dang ké cua lién két hydrogen
O-H--Se/Te trong viéc lam bén cac phirc so véi C—H--O. Cac két qua tinh toan ciing cho thay rang do bén cac lién
két hydrogen khong c¢6 dién giam theo thit tw O-H--Se > O—H--Te ~ C—H--O > C—H--Se/Te. Su chuyén doi xanh
ctia lién két hydrogen C—H-Se manh hon so véi C—H-Te. Phan tich NBO thiy rang xu huéng chuyén doi xanh
ctia tan s6 dao dong lién Kkét Cspz—H phu thugc chinh vao sy giam mat d¢ electron & 0*(Csp2—H) trong qua trinh hinh
thanh phtrc. Sy chuyén doi do trong cac lién két hydrogen khong ¢6 dién O-H--Se/Te dugc quyét dinh boi sy tang
dang ké mat d¢ electron tai o*(O—H) so v6i su ting cuong %s(O) trong qua trinh tao phtrc.

Tir khoa: Lién két hydrogen khéng c6 dién O/C. -H--O/Se/Te, Se/le-aldehydes, acid formic.
sp.

*Tac gia lién hé chinh.
Email: nguyentientrung@gqnu.edu.vn
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ABSTRACT

This study conducts a thorough investigation into the stability of complexes as well as the hydrogen bonds
along with their characteristics in the systems between formic acid and chalcoaldehyde derivatives. Generally, the
strength of complexes is enhanced irrespective of electron donating or withdrawing substitution in chalcoaldehyde
derivatives. It is found that the complexes involving Se-substitution are slightly more stable than Te-one. The
halogenated complexes are less stable than CH,- and NH,- substituted ones, in which the largest stability belongs
to the complexes involving NH, - substituted group. The obtained results show a dominant role of O-H---Se/Te
compared to C—H--O in contributing to the stabilization of complexes. Calculated results indicate that the strength
of nonconventional hydrogen bonds decreases in the order of O—H---Se > O—H--- Te ~ C-H:-O > C—H---Se/Te. The
larger blue shift of C-H bond in the complexes investigated is observed in C—H--O compared to C—H:--Se/Te. The
magnitude of blue shift is larger in the case of C—H---Se than in C—H---Te hydrogen bonds. NBO analysis shows that
the blue-shifted stretching frequency of C,,H depends mainly on a reduction of electron density at G*(CspZ_H)
orbital. The redshift in O-H--Se/Te hydrogen bonds in these systems is determined by a considerable increase of
electron density at *(O—H) orbitals, overcoming an s-character enhancement of the O site upon complexation.

Keywords: O/CS,,[H -:O/Se/Te nonconventional hydrogen bonds, Se/Te-aldehydes, formic acid.

1. INTRODUCTION and their importance in the arrangement of
3-6 1
Hydrogen bonds play a crucial role in molecular molecules, surface phenomena,...** Noticeably,
non-classical hydrogen bonds of the form
C-H---O/N/X/n (X=F, Cl, Br) were detected in

many systems including proteins, DNA, RNA,

information  recognition, protein  folding,
structural rearrangement of nucleic acids,

crystallization, polymerization, supramolecular

chemistry, solvation, or organic synthesis." and material surfaces. Besides, the activation of
b 9 .

Many investigations were performed to C-H groups in intermediate structures is one of the

o . . . . s
understand the characteristics of hydrogen bonds issues of current interest in organic synthesis.

*Corresponding author.
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Experimental, Raman and theoretical findings
of blue-shifted C-H bonds involved in hydrogen
bonds have been reported, of which the most
abundant is the C-H--*O/N form.>"’

Several investigations focused on
explaining the nature of blue-shifted hydrogen
bonding, but none can be universally applied to
other complex systems stabilized by hydrogen
bonds.”!?° Given the critical role of hydrogen
bonds in biological systems, the strength and
properties of classical hydrogen bonds O/S-
H-+O/S have been studied and reported by
theoretical and experimental methods.?'> Many
nonconventional hydrogen bonds have been
discovered recently and play essential roles in
proteins and catalysis. Indeed, the hydrogen
bonds O/N-H--Se/Te were recently discovered
experimentally.”?* Besides, the existence of
H---Se hydrogen bonds in proteins and nucleobase
pairs was determined by spectroscopic
evidence.”?* However, systematic studies
of the O-H--Se/Te hydrogen bond system to
understand their strength and properties have not
been reported. In addition, the influence of this
O-H:--Se/Te on the strength and characteristics
of the CSPZ—H---Se/Te was not considered and

evaluated in the literature.

In addition, the aldehydes, carboxylic
acid, and their halogenated and amide derivatives
are commonly found in the biological structures
and biologically active compounds. Theoretical
studies indicated that the origin of stabilization
in carboxylic acids and amide complexes is
charge-delocalization.?” The experimental and
theoretical investigations into O-H redshift and
C,,,-H blueshift in the hydrogen bonds in formic
acid, acetic acid, and acetaldehyde complexes
were reported.’®3" The strength and nature of
blue- and red-shifting hydrogen bonds were
examined in formamide, aldehydes, hydroxyl
derivatives, and carboxylic acids.’'** More
recently, the CSPZ-H blue shifting in the Cspf
H---O hydrogen bonds have been reported for

the complexes of aldehydes with formic acid,
as well as the binary systems of aldehyde and
carboxylic acids.!6343%

Further, a theoretical study on the nature
of hydrogen bonds in NH,CYH--XH complexes
with Y = O, S, Se, Te; X = F, HO, NH, was
examined by quantum chemistry analyses.*
Noticeably, the Cspz-H"-O/S/Se/Te hydrogen
bonds were evaluated in the XCHO--nH,Z
and dimers of chalcogenoaldehyde derivatives
systems.’’*® However, the two hydrogen-
bond systems between selenoformaldehyde or
telluroformaldehyde and carboxylic acid and their
derivatives have not yet been observed clearly.
In addition, the effects of various X substituents
relating to the strength of nonconventional
hydrogen bonds and the shifts in CSPZ-H or O-H
stretching frequency need to be addressed.
Furthermore, the existence and role of various
interactions following complexation, such as
O-H---Se/Te and CSPZ—H-“O/Se/Te, should be
examined in the complexes of Se/Te derivatives
to have insights into the nonconventional
hydrogen bonds. In this work, the interaction
complexes between aldehyde derivatives and
formic acid are selected to have thorough insights
into the effects of different substituent groups on
the stability and characteristics of O-H---Se/Te,
CSPZ-H"-Se/Te nonconventional hydrogen bonds,
and the complex strength.

2. COMPUTATIONAL METHODS

The optimized geometries for monomers
and complexes are considered at the MP2/6-
311++G(3df,2pd) level of theory with the
correction of zero-point vibrational energies
(ZPE). The interaction energy (AE*) of each
complex is calculated and corrected for basis set
superposition errors (BSSE) at the CCSD(T)/6-
311++G(3df,2pd)//MP2/6-311++G(3df,2pd)
level. Particularly, AE* is represented as the
difference in total electronic energy between the
complexes and the sum of XCHZ and HCOOH
monomers given by the expression:
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AE*=E_—(E, +E_).

Here, E_ is the energy of the optimized
including ZPE and BSSE
corrections. E_and E_ are energy values of
the optimized monomers HCHZ and HCOOH,

respectively, with the ZPE correction. Moreover,

complexes

deprotonation enthalpy (DPE) is defined as the
enthalpy change for the deprotonation reactions:

XCHZ — XCZ +H" (1)
and HCOOH — HCOO™ + H* (2)

and is considered as DPE of C-H and O-H bonds
in both XCHZ and HCOOH monomers.

DPE(C-H) = E°(HCOO") — E°S(HCOOH)
+ TCE(HCOO") + TCE(H") - TCE(HCOOH), in
which E° and TCE values are electronic energy

and thermal correction to the enthalpy of species,
respectively.

In addition, proton affinity (PA) is defined
as the enthalpy change for the protonation
reaction:

XCHZ + H* — XCHZH" (3)

and is considered PA at the Se and Te sites in
XCHZ monomers.
PA(Se/Te) = E(XCHZ) - E((XCHZH") +
TCE(XCHZ) + TCE(H") - TCE(XCHZH").
These calculations are performed by the
Gaussian 16 package.*

The Atoms-in-Molecules (AIM) analysis
is observed at the MP2/6-311++G(3df,2pd)
level through the AIMAII program.*#!' The local
electron energy density (H(r)) is computed from
potential (V(r)) and kinetic (G(r)) terms by the
equation:

H(r) = G(r) + V(r).

The individual energy of each hydrogen
bond (E,,) is estimated using the formula:

E,, = 0.5V(r).”

Further, the natural bond orbital (NBO)
analysis is examined by using NBO 5.G software

https://doi.org/10.52111/qn;js.2025.19109

at the range-separated hybrid functional
®B97X-D/6-311++G(3df,2pd) level.®** Besides,
Symmetry Adapted Perturbation Theory (SAPT)
calculations based on the Psi4 program with the
def2-TZVPD basis set are applied to unravel the
different contributions of energy components,
including the electrostatic (E ), induction (E, ),
and dispersion (E Glisp) to the stability of examined
complexes.*®

3. RESULTS AND DISCUSSION
3.1. Stable geometry and AIM analysis

The interaction of XCHZ with HCOOH induces
36 stable complexes, denoted by XZ-n (with
X =H, F, Cl, Br, CH,, NH,; Z = Se, Te and
n =1-3) with three geometries XZ-n displayed
in Figure 1. The sp*hybridized carbon atom
in XCHZ is labeled hereafter as Cspz. Each
complex contains a ring that is stabilized by two
intermolecular contacts, including O—H:--Se/Te
and Cspr”'O in XZ-1, C-H--Se/Te and CSpf
H--O in XZ-2 and XZ-3. All H---O, H--Se and
H---Te distances (Table S1) are in the range of
2.18-2.45 A, 2.33-3.20 A and 2.65-3.33 A,
respectively. These values are close to the sums
of van der Waals radii of relevant atoms (being
2.72 A for H-0O, 3.00 A for H-Se and 3.16 A
for H--Te). The presence of H-Se/Te and C_ -
H---O/Se/Te nonconventional hydrogen bonds
through the bonding critical points (BCPs, green
points in Figure S1) is confirmed by the values
of electron density, Laplacian, and H(r) at BCPs
(Table S1).*' Moreover, the C,,/O-HSe/Te
distances are also close to those in complexes
between NH,CHSe and NH,CHTe, with
HEF/H,O/NH,.* The intermolecular contacts with
the presence of chalcogen atoms (O, S, Se, Te)
in hydrogen bonds were also reported in some
StudieS.]6’34‘36’48

In addition, the decreasing tendency of
strength for hydrogen bonds is from O-H:--Se
to O—H:--Te ~ C-H--O and then to C—H:--Se/Te
(Table S1). Indeed, the E,, values indicate that
the stability of C-H--O (-7.4 + -15.6 kJ.mol!)
is 2+3 times as large as that of C-H--Se/Te
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Figure 1. The stable structures and topological features of XCHZ and HCOOH complexes (X = H, F, Cl, Br, CH,,

NH, and Z = Se, Te).

(-3.3 = -5.5 kJ.mol"!). Similarly, the strength of
O-H-Se (-16.8 + -23.1 kJ.mol") is 1.5 times as
large as that of O—H:--Te (-12.5 +-13.8 kJ.mol ).
Along with the results of individual hydrogen
bond energies in literature by Khanh et al.'é, it is
found that the hydrogen bond stability decreases
in going from O-H--O >> O-H--S > O-H--Se
> O—H--Te. These results are also supported by
a previous investigation of hydrogen bonding
complexes containing chalcogen atoms.**
Besides, the second correlation of energy (E,)
versus distances R(C-H--O/Se/Te) is obtained
according to expression E = -13424 +
85.52R(C-H-+O/Se/Te)  -13.98R*(C-H--O/Se/
Te) (R2= 0.96) as given in Figure 2. However,
a highly linear correlation of E, , with respect to
R(O-H---Se/Te is observed as expression E, =
29.205R(O-H:--Se/Te) -78.638 (R*= 0.98). The
results indicate that the shorter the intermolecular
distance, the stronger the nonconventional

hydrogen bond is, and vice versa.

As given in Table S1 of ESI, it can be
suggested that the C—H--O hydrogen bonds
play a main role in stabilizing XZ-2 and XZ-3
along with the addition of the C—H---Se/Te ones.
Nevertheless, for XZ-1 complexes, the C—H--O
hydrogen bonds serve as a supplementary factor

along with the substantial importance of the
O-H--Se/Te ones in complex stabilization. To
clarify the relationship between the strength of
nonconventional hydrogen bonds and ;. ,/ Zryqw
ratio, the The r, , /Zryqw ratios are gathered and
plotted in Table S1 and Figures S2, S3 of ESIL
The results indicate a good agreement between
ther, ,/Zrygw ratio and E , of nonconventional
hydrogen bonds in investigated complexes.
Indeed, the r, , /Zrygw ratios of C-H--O
hydrogen bonds in the XSe/Te-1 are smaller than
those in XSe/Te-2, and XSe/Te-3. This result
is consistent with the high stability of C-H---O
hydrogen bonds in XSe/Te-1 compared to XSe/
Te-2, and XSe/Te-3. The r, , /Zryqw ratio of
C-H---O increases in the order of NH, < Cl ~
Br < F < CH, < H substitutions, along with the
decrease of C-H---O strength in the order: NH, >
Cl ~ Br > F > CH, > H substituted derivatives.
It is worth noted that the O-H---Se/Te hydrogen
bonds are much more stronger than the C_-H---
Se/Te ones, which is proven by the much smaller
1., /Zrydw ratio of O-H--Se/Te than that of
Csp2—H---Se/Te hydrogen bonds. For XZ-2 and
XZ-3, the r,,_, /Zryqw ratios of C-H---Se/Te are
larger than those of C-H---O, being in line with
the weaker strength of the C-H---Se/Te than the
C-H---O.
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Figure 2. The relationships between E, , and R(C/O-H---O/Se/Te) in the complexes.

Table 1. Deprotonation enthalpies of C,,H (DPE) and proton affinities at Z sites (PA) at the CCSD(T)/6-
311++G(3df,2pd) (in kJ.mol™1).

Monomer HCHSe FCHSe CICHSe BrCHSe CH,CHSe NH,CHSe
PA(Se) 775.0 737.9 766.3 773.0 811.7 860.0
DPE(C,-H) 1623.6 1567.2 1551.7 1539.0 1620.7 1595.6
Monomer HCHTe FCHTe CICHTe BrCHTe CH,CHTe NH,CHTe
PA(Te) 812.2 780.7 802.7 807.9 841.0 884.6
DPE(C_ -H) 1612.7 1561.0 1550.7 1540.8 1615.5 1582.3

sp2

Some characteristics of XCHZ monomers,
including deprotonation enthalpies (DPE) and
proton affinities (PA) are examined in Table 1.
With the same Z in XCHZ, the strength of
O-H---Z hydrogen bonds in XZ-1 decreases in the
order of NH, > CH, > H > F/CI/Br substitutions
(cf- Table S1), which are consistent with a
decrease of gas-phase basicity (PA) at Se/Te site
in XCHZ (cf- Table 1). However, a decrease in
the strength of C-H:--O hydrogen bonds in XZ-1
is in the ordering NH, > F/Cl/Br > CH, > H
substitutions, which differs from the trend of the
polarity of C,-H bond in the isolated XCHZ.
As a result, the strength of XZ-1 is mainly
proposed by the presence of O-H-Z. Similarly,
a decrease in gas-phase basicity at the Se/Te site
in the sequence of NH, > CH, > H > F/CI/Br
derivatives causes a reduction of the strength of
C-H:--Z hydrogen bonds in XZ-2, XZ-3 decrease
in the same tendency. The strengthening trend of
C-H:--O hydrogen bonds in XZ-2 and XZ-3 is

https://doi.org/10.52111/qn;js.2025.19109

also suitable for an increase in the polarity of the
C,,,-H bond in XCHZ in the order of H < CH, <
NH, < F/ClI/Br (cf. Table S1). With the identical
X in XCHZ, the stronger strength of O—H---Se
hydrogen bonds compared to O—H--Te ones is
observed in XZ-1. However, for the same X in
the isolated XCHZ, proton affinity at the Te site
is larger than that at the Se one (cf. Table 1).
Accordingly, these hydrogen bonds should be
assigned by a larger electrostatic attraction of H
and Se relative to H and Te.

3.2. Interaction energy and SAPT analysis

Interaction energies (AE*) of complexes, including
both ZPE and BSSE correction at the CCSD(T)/
6-311++G(3df,2pd)//MP2/6-311++G(3df,2pd)
level are listed in Table 2, and their relationship is
plotted in Figure 3. Generally, the AE* values in
the range of -7.1 and -37.2 kJ.mol"! indicate that
the obtained complexes are quite stable, in which
the XZ-1 complexes are 2+3 times as stable as

104 | Quy Nhon University Journal of Science, 2025, 19(1), 99-113



QUY NHON UNIVERSITY

I SCIENCE

XZ-2 and XZ-3 complexes. The considerable
strength of XZ-1 is suggested by the presence
of O-H-Z hydrogen bond respective to the
remaining nonconventional C-H:--O/Z hydrogen
bonds. The larger stability of XZ-2 relative to
XZ-3 is due to the larger gas phase basicity of
the O site of >C=0 compared to that of the O
site of ~OH in formaldehyde acid. Both of them
are stablized by the C-H---O/Z hydrogen bonds.

It is found that the most stable structures
(XZ-1) of XCHZ---HCOOH in the present work
have a comparable strength of XCHO---HCOOH

complexes and are slightly larger than that

of XCHS-HCOOH.!* The XZ-1 complexes
are more stable than the binary complexes of
small aldehydes and less stable than dimers of
typical carboxylic acids. Indeed, the interaction
energies of HCHO--HCHO, HCHO--HCHS,
HCHS---HCHS are in turn -12.3, -11.7,
-10.7 kJ.mol! at CCSD(T)-F12/heavy-aug-
cc-pVTZ level of theory.” The complexes
of HCHO--HCHO and CH,CHO--CH,CHO
have interaction energies of -21.0 and -22.4
kJ.mol"! at MP2/aug-cc-pVTZ.*® The very large
interaction energies of CH,COOH--CH,COOH
and HCOOH:--HCOOH at MP2/aug-cc-pVTZ
are -60.7 kJ.mol"! and -56.9 kJ.mol"'.*!

Table 2. Interaction energy corrected by both ZPE and BSSE (AE*, kJ.mol") of the complexes RCHZ:---HCOOH

at CCSD(T)/6-3114++G(3df,2pd)//MP2/6-311++G(3df,2pd).

Complex AE* Complex AE* Complex AE*
HSe-1 -24.4 HSe-2 -10.7 HSe-3 =73
FSe-1 -23.9 FSe-2 -13.0 FSe-3 -8.1
ClSe-1 -24.9 ClSe-2 -12.9 ClSe-3 -8.4
BrSe-1 -24.7 BrSe-2 -12.9 BrSe-3 -8.6

CH,Se-1 -28.4 CH,Se-2 -12.3 CH,Se-3 -8.9

NH_Se-1 -37.2 NH,Se-2 -16.6 NH,Se-3 -11.7
HTe-1 =223 HTe-2 -10.2 HTe-3 -7.1
FTe-1 -22.9 FTe-2 -12.7 FTe-3 -8.1
ClTe-1 -23.6 ClTe-2 -12.7 ClTe-3 -8.3

BrTe-1 -23.5 BrTe-2 -12.6 BrTe-3 -8.5

CH,Te-1 -25.8 CH,Te-2 -11.8 CH,Te-3 -8.4

NH,Te-1 -34.7 NH, Te-2 -16.6 NH,Te-3 -11.4

It is noticeable that the interaction energy
of XSe-n is ca. 0.1-2.6 kJ.mol" slightly more
negative than that of XTe—n, about for the same
X in XCHZ derivatives. This indicates a slightly
lower strength of XTe—n as compared to XSe—n,
which should be resulting from the stronger
electrostatic force of Se and H atoms overcoming
Te and H atoms.** Generally, the strength of
XZ-n complexes is enhanced irrespective of
electron donating or withdrawing X substitution

(cf. Table 2 and Figure 3). For the alike Z, it is
found that the halogenated complexes are less
stable than CH,- and NH,- substituted ones.
The largest stability belongs to the complexes
NH,Z-n with more negative values of 2.8-13.3
kJ.mol!. Tt can be suggested that O—H--Se/Te
and C—H--O/Se/Te nonconventional hydrogen
bonds play a significant role in contributing
to the stability of NH,Z-n compared to other
complexes.
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Figure 3. The relationship of the interaction energies and different X substitutions.

As seen from Table 2, the interaction
energy of complexes indeed increases in the
substituting order: F <H < Br~ CI <CH, <NH,
for XSe-1 and H < F < Br ~ Cl < CH, < NH, for
XTe-1. This result is suitable for the changing
trend in the stability of O—-H--Se/Te hydrogen
bonds, affirming a mainrole of O—H--Se/Te along
with an addition of C—H-+O hydrogen bonds in
stabilizing XZ-1. The energetic components
based on the SAPT2+ approach are observed
in Table S2. The calculated results imply the
stability of complexes is mainly contributed by
three terms, including electrostatic, dispersion,
and induction, with contributing percentages of
ca. 8 - 53%, 7 - 46% and 7 - 63%, respectively.
The dominating role of electrostatic components
contributing to the complex stability is also
reported in the complexes of XCHO--HCOOH
and XCHS--HCOOH.'®

3.3. Characteristics of C_-H--Se/Te and
O-H---Se/Te nonconventional hydrogen bonds

The formation of C-H-Z, C-H--O and
O-H--Z interactions in the complexes are further
clarified by the change in lengths (Ar, mA) and
the stretching frequencies (Av, cm™) of O-H
and C_—H bond participating in the considered
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hydrogen bonds. The results at MP2/6-
311++G(3df,2pd) are gathered in Table 3.

Considering the nonconventional hydrogen
bonds of C—H---Se/Te, the C—H length in XZ-2
and XZ-3 decreases slightly in the range of
0.07 — 0.93 mA, accompanied by an increase
in their stretching frequency of 1.9 — 14.8 cm’!
as compared to the corresponding values of
1solated monomers. Therefore, these C—H---Se/Te
contacts belong to blue-shifting hydrogen
bonds. The larger blue shift of the C-H bond
in the complexes investigated is observed in
C-H---O compared to C—H---Se/Te and has a much
smaller magnitude than that in the complexes of
XCHO:-*HCOOH. It was found that all C-H---Se/
Te nonconventional hydrogen bonds in dimers
of RCHZ (R=H, F, Cl, Br or CH,, Z= Se, Te)
are red-shifted.' In the present work, a small
CSPZ-H elongation of 0.10 — 0.52 mA along with
a decrease in stretching frequency of 0.2 — 6.5
cm™ is found in the case of NH,Se-3, BrTe-3,
HTe-3, CH,Te-3, and NH,Te-3, indicating red
shifting hydrogen bonds. These values are quite
close to a previous report of hydrogen bonded
complexes.’” The largest shortening of C-H bond
length is observed for FZ-2 and FZ-3, associated
with the strongest electron-withdrawing group
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being F, whereas the smallest is observed in
NH,Z-2 and NH,Z-3. Besides, the blue shift of
C-H6 bond in C5-H6-+-Z3 interaction in XZ-2
and XZ-3 decreases in the substituting order:
F > Cl > Br > H > CH, > NH,. This result is
consistent with increased basicity at the Se/Te
site in XCHZ (Table 1). The blue shift of the
C,,,-H bonds with the Z same is more strongly
affected by electron-withdrawing groups (F,
Cl, Br) than by electron-donating groups (CH,,

NH,). The magnitude of the C5-H6 blue shift is
larger for C—H---Se than for C-H---Te, which is
in alignment with the increasing tendency of the
proton affinity at Te relative to the Se site (cf.
Table 1). Furthermore, the larger blueshift of the
C-H bond in C—H---Z hydrogen bonds of XZ-2
in comparison with that of XZ-3 is observed,
which relates to the more crucial role of C-H--O
hydrogen bond in XZ-2 compared to that in
XZ-3, toward the blue shift of C—H bonds.

Table 3. Changes in bond lengths (in mA) and their corresponding stretching frequencies (in cm™') at MP2/6-

311++G(3df2pd).
Complex HSe-1 FSe-1 ClSe-1 BrSe-1 CH,Se-1 NH,Se-1 HTe-1 FTe-1 CITe-1 BrTe-1 CH,Te-1 NH,Te-1
Ar(CIH2) 042 076 1.54 1.77 -0.37 0.22 1.09 0.51 1.37 1.55 -0.08 0.69
Av(C1H2) 8.4 3.8 -4.5 -6.8 18.9 8.1 0.3 7.2 2.4 -4.6 14.3 1.6
Ar(O8H9) 1532 1249 1324 13.17 16.80 21.18 1397 1220 1278 12.69 15.09 19.24
Av(O8H9) -326.2 -266.6 -284.0 -282.5 -3555  -4394 -299.5 -2619 -2746 -273.1 -322.1 -402.6
Complex HSe-2 FSe-2 ClSe-2 BrSe-2 CH,Se-2 NH,Se-2 HTe-2 FTe-2 ClTe-2 BrTe-2 CH,Te-2 NH,Te-2
Ar(C1H2) 0.17 021 076  0.92 -0.34 0.18 0.84 0.04  0.72 0.89 -0.20 0.53
Av(C1H2) 7.8 7.8 3.0 1.2 15.6 6.9 -0.3 10.0 33 1.0 12.8 1.3
Ar(C5H6) -0.73 -093 -0.79 -0.76 -0.47 -0.30  -0.52  -0.78 -0.65 -0.60 -0.28 -0.07
Av(C5H6) 11.8 148 130 125 8.7 6.5 7.3 11.2 9.5 8.8 43 1.9
Complex HSe-3 FSe-3 ClSe-3 BrSe-3 CH,Se-3 NH,Se-3 HTe-3 FTe-3 ClTe-3 BrTe-3 CH,Te-3 NH,Te-3
Ar(C1H2) -0.07 -0.33 -0.17 -0.07 -0.48 -0.21 0.51 -0.36  -0.09 -0.04 -0.43 -0.05
Av(C1H2) 10.1 134 136 12.6 16.7 12.5 3.5 13.6 12.5 11.8 15.2 9.9
Ar(C5H6) -0.07 -043 -020 -0.17 0.09 0.24 0.18 -0.16 0.06 0.10 0.38 0.52
Av(C5H6) 3.2 8.5 5.4 4.9 1.1 -1.0 -1.8 33 0.3 -0.2 -4.4 -6.5
16
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Figure 4. The relationship between the change in C-H stretching frequency and different X substitutions in XZ-2

and XZ-3.
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For XZ-3, the C-H--O hydrogen bond
displays a blue shift with a small contraction
and an increase of C-H stretching frequency
(Ar=-0.04 = -0.48 mA and Av=9.9 +16.7 cm™),
except for a small elongation in HTe-3. Besides,
the blue shift of the C-H bond observed in XZ-2
is emphasized by a slight enhancement of its
bond length and stretching frequency (except for
HTe-2, with a slight redshift of C-H). A slight
redshift is observed in C1Z-1 and BrZ-1, while
most XZ-1 structures indicate a blue shifting
of C—H--O hydrogen bonds. The redshift for
hydrogen bonds in CI1Z-1 and BrZ-1 is based on
the high polarity of the C_-H bonds in CICHZ
and BrCHZ monomers (Z=Se, Te).'* As shown in
Table 3, a C-H bond contraction and an increase
in its stretching frequency in XSe-n are larger
than those in XTe-n. This observation is induced
by the C-H strong polarity in XCHTe compared
to XCHSe. Meanwhile, with the same Z in XZ-3,
the larger blueshift in CH,Z-3 in comparison
with F/CI/BrZ-3 comes from the smaller polarity
of the C-H bond in CH,Z-3. A very small blue
shift of Cg ,-H in C-H+O in XCHZ-~-HCOOH
(Z=Se, Te) as compared to the considerable blue
shift of that in XCHO--HCOOH (up to 100 cm™)
was attained.'® This shows the profound role of
O-H:--O relative to O-H:--Se/Te in increasing the
very considerable blue shift of the C,,-H bond.
In other words, it implies a noticeable role of O
related to S, Se and Te in the blue shifting of C—
H---O hydrogen bonds.

On the other hand, for O-H--Se/Te
hydrogen bonds in XZ-1 form, the bond
elongation of 12.5 — 21.2 mA for O-H--Se and
12.2-19.2 mA and O-H-Te is observed which
is accompanied by a remarkable decrease of
266.6 — 439.4 cm™ and 261.9 — 402.6 cm™ in
their stretching frequency, respectively (cf.
Table 3). These changes show the redshift of
O-H stretching frequencies involved in the
O—H---Se/Te nonconventional hydrogen bonds.
Particularly, with the same X in XCHZ, the
redshift phenomenon in the O—H---Se hydrogen
bonds is larger than the O—H--Te ones. In the
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case of the same Z, the redshift of O-H---Z
hydrogen bonds is found in the increasing order
of F/CI/Br < H < CH, < NH, substitutions and
agrees with the enhancement of proton affinity
of chalcogen atom in the XCHZ (Table 1).
The obtained result of the O-H red shift in the
hydrogen bonds is similar to previous reports in
complexes of chalcogen derivatives and formic
acid.'®3

3.4. NBO analysis

In order to determine the strength and
characteristics of intermolecular interactions
and complexes investigated, the NBO analysis
is carried out at ®B97X-D/6-311++G(3df,2pd),
as presented in Table 4. The positive values
of electron density transfer (EDT) for most
complexes (0.0003 — 0.0587 e) imply that
the electron density is transferred mainly
from XCHZ to HCOOH. This tendency is
caused by the large energy of electron transfer
n(Z3)—c*(C5-H6) (7.02 - 20.57 kJ.mol') and
n(Z3)—c*(08-H9) (65.42 - 109.35 kJ.mol") in
comparison to n(07/08)—c*(C1-H2) (2.88 -
14.59 kJ.mol"), except for FSe-2, ClSe-2 and
BrSe-2 with the negative values of EDT. Hence,
the n(Z3)—c*(C5-H6) and n(Z3)—c*(0O8-H9)
electron density transfers play a dominant role
in stabilizing most complexes as compared to
the n(0O7/08)—c*(C—H) transfers. A larger role
of n(O7)—c*(C1-H2) (10.58-11.41 kJ.mol")
related to n(Z3)—c*(C5-H6) (7.02-7.48 kJ.mol!)
is found in FSe-2, CISe-2 and BrSe-2 (cf. Table 4).
This result should be due to the stronger polarity
of the C-H bond in XCHSe (with X=F, CI, Br),
leading to the larger ability of electron acceptance
of 6*(C1-H2) orbital.

The very large E, _ values of
n(Z3)—c*(0O8-H9) in XZ-1 compared to
n(Z3)—c*(C5-H6) in XZ-2 and XZ-3 indicate
that the much stronger electron density transfers
from lone pair of electrons from Z3 to ¢*(O8—
H9) orbitals are much stronger than from Z3
to ¢*(C5-H6) ones. Moreover, E_ [n(O7/
08)—0c*(C1-H2)] is higher for XZ-1 than XZ-2
and XZ-3, implying a stronger electron density
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transfer in XZ-1. These obtained results of E,
are consistent with the trend in the stability of
hydrogen bonds as analyzed in the AIM part

above.

For changing X in XCHZ,
E, . [n(Z3)—c*(C5-H6)] in XZ-2, XZ-3 and
E, .[n(Z3) — ¢*(08-H9)] in XZ-1 increase in
the order of F/Cl/Br <H <CH, <NH, substituents,

Table 4. Electron density transfer (EDT), hyperconjugation interaction energies (E.

suitable for the increasing trend of the proton
affinity at Z3 site (Table 1). In other words, the
intermolecular charge density transfers from
XCHZ to HCOOH are raised by the presence
of CH, and NH, groups and are diminished by
halogen substituents. It is noted that the increase
in values of E,_ _[n(O7/08)—c*(Cl1-H2)] is
attained by the substitution of electron-donating

or electron-withdrawing groups.

in kJ.mol'), and changes

inter”

of electron density (Ac*, in electron) and s-character percentage of atom involving hydrogen bond (A%s, in %).

Complex HSe-1 FSe-1 CiSe-1 BrSe-1 CHSe-1 NHSe-1 HTe-1 FTe-1 CiTe-1 BrTe-1 CH,Te-1 NH,Te-1
EDT 0.051  0.036 0.039 0.038  0.052 0.059  0.050 0.039 0.041 0.040  0.050 0.056
E . [n(07)—c*(CI-H2)] 928 1254 1321 12.25 9.91 1459 736 999 10.83 10.03 8.23 13.54
E, .[n(Z3)—c*(O8-H9)] 84.06 68.05 70.77 6876  90.54 109.35 7532 6542 6751 66.00  77.16 95.35
Ac*(C1-H2) -0.002 -0.002 -0.002 -0.002 -0.002  -0.002 -0.001 -0.001 -0.001 -0.001 -0.001  -0.001
A%s(C1) 151 1.68 1.71 1.71 1.52 1.74 143 166 172 174 1.43 1.71
Ac*(08-H9) 0.052  0.042 0.045 0.045  0.055 0.064  0.051 0.044 0.046 0.046  0.053 0.061
A%s(08) 337 297 307  3.03 3.57 4.07 305 278 285 283 3.23 3.70
Complex HSe-2 FSe-2 ClSe-2 BrSe-2 CHSe-2 NH,SSe-2 HTe-2 FTe-2 CITe-2 BrTe-2 CH,Te-2 NH,Te-2
EDT 0.003 -0.002 -0.002 -0.002  0.003 0.003  0.005 0.001 0.001 0.001  0.004 0.004
E . [n(07)—c*(CI-H2)] 761 1058 1141 10.78 7.61 10.45 6.65 869 978 932 6.98 10.7
E . [n(Z3)—c*(C5-H6)] 941  7.02 748 748 11.37 1459 1091 9.03 928  9.28 12.79 16.39
Ac*(C1-H2) -0.001 -0.002 -0.002 -0.002  -0.002  -0.001  -0.001 -0.001 -0.001 -0.001 -0.001  -0.001
A%s(Cl) 1.13 13 1.44 1.5 1.1 121 112 131 146 152 1.11 1.26
Ac*(C5-H6) 0.001 -0.001 -0.001 -0.001  0.001 -0.001  0.003 0.002 0.002 0.002  0.003 0.002
A%s(C5) 050 038 039 038 0.61 0.86 045 037 037 037 0.55 0.80
Complex HSe-3 FSe-3 ClSe-3 BrSe-3 CH,Se-3 NH,Se-3 HTe-3 FTe-3 ClTe-3 BrTe-3 CH,Te-3 NH,Te-3
EDT 0.007 0.002 0.002 0.002  0.006 0.007  0.009 0.005 0.005 0.005  0.008 0.010
E .[n(08)—c*(CI-H2)] 351 568 589 539 3.64 4.85 288 439 493 451 297 4.47
E . [n(Z3)—c*(C5-H6)] 125 945 1003 9.82 143 1822 1471 1246 1279 1258  16.59 20.57
Ac*(C1-H2) -0.001 -0.001 -0.001 -0.001  -0.001 -0.001  -0.001 -0.001 -0.001 -0.001 -0.001 0.001
A%s(C1) 072 084 094 097 0.68 0.76 072 085 09  1.00 0.68 0.80
Ac*(C5-H6) 0.003  0.001 0.002 0.002  0.003 0.002  0.005 0.004 0.004 0.004  0.005 0.005
A%s(CS) 072 064 0.4  0.63 0.83 1.15 0.66 062 061  0.60 0.75 1.09

(EDT E,, at @B9I7X-D/6-311++G(3df.2pd); Ac*, A%s at MP2/6-311++G(3df.2pd))
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The C1-H2 blueshift in C1-H2---O7/08 is
caused by a small decrease of electron density
at o*(C1-H2) orbital from 0.001e to 0.002e
(excepting fora very slightincrease of G*(CspZ_H)
occupation in NH,Te-3). Generally, the blueshift
of C5-H6 in the complexes is emphasized by a
slight increase in electron density at 6*(C5—HO6)
from -0.001e to 0.005e. The O8-H9 redshift is
induced by a large increase in electron density
at 6*(0O8-H9) orbital from 0.042¢ to 0.064¢. The
larger blueshift of C5-H6 is observed in XSe-n
compared to XTe-n. Indeed, the electron density
of the o*(C5—HO0) orbital gets a larger increase
when Se is replaced by Te, and s—character
percentage of C5 is smaller for C5-H6---Te3 than
C5-H6--Se3. The larger blueshift of C5-H6--Se3
bonds, which relates directly to the smaller
values of Ac*(C5-H6), is found in XZ-2 in
comparison to XZ-3. Moreover, the substitution
of the H atom in HCHZ by electron-donating
groups (CH,, NH,) leads to an enhancement
of C ,-H stretching frequency involving Cor
H-Z hydrogen bonds. At the same time, the
corresponding diminishment is caused by the
presence of electron-withdrawing groups (F,
Cl, Br). Consequently, it can be underlined that
the larger contraction of the C_-H bond and
its stretching frequency blueshift is identified
by a decrease in the population of electron
density at o*(C5-H6) orbitals and an increase
in the percentage of s-character of C_, atom.
This observation is similar to results obtained
in complexes of aldehydes and carboxylic
aCidS.16’34’37

For C1-H2---O7/0O8 hydrogen bonds, the
stronger blueshift of C1-H2 in XSe-n compared
to that in XTe-n relates to a more significant
decrease of electron density in o*(C1-H2)
orbital. The larger redshift phenomenon in
the O8-H9--Se hydrogen bonds compared to
the O8-H9--Te ones (cf. Table 4) arises from
a significant enhancement in occupation of
c*(08-H9) orbital. Besides, the increase in
electron density of o*(O8-H9) orbital and
s-character percentage of the OS site is smaller
for halogenated derivatives than for CH, and

https://doi.org/10.52111/qn;js.2025.19109

NH, substitutions. It can be suggested that the
increasing occupation of ¢*(O8-H9) orbital
is the main factor in determining red-shifting
hydrogen bonds in all examined complexes.

4. CONCLUSION

Thirty-six stable structures of XCHZ-HCOOH
complexes with three various geometric
structures (X = H, F, Cl, Br, CH,, NH,; Z = Se,
Te) are located on the potential energy surfaces.
The binding energy of Cspz—H"-Se/Te bonds
(from -3.3 to -5.5 kJ.mol™!) is smaller than Coo
H--O and O-H--Te nonconventional hydrogen
bonds (from -7.4 to -15.6 kJ.mol ") and is ca. half
of O—H---Se ones (from -12.4 to -23.1 kJ.mol™).
Following complexation, the O—H---Se/Te bond
strength is determined by proton affinity at the
Z atom of XCHZ, while the polarity of C,,H
covalent bonds in XCHZ plays a decisive role
in stabilizing Cspz—H---O/Se/Te hydrogen bonds.
The existence and stability of nonconventional
hydrogen bonds in the investigated systems are
clarified by AIM and NBO analyses. With the
same X, the CSPZ—H---O/Se/Te hydrogen bonds in
XSe-2 and XTe-2 are more stable than in XSe-3
and XTe-3. The significantly larger stability of
O-H-Se hydrogen bonds compared to C_ -
H---O/Se/Te causes a larger strength of XSe-1 and
XTe-1, in which XZ-1 is twice more stable than
XZ-2 and XZ-3. With the same Z, the stability
of complexes experiences an enhancement upon
substituting one H in XCHZ by a CH, group,
an NH, group, or a halogen atom (F, Cl, Br).
Remarkably, it is found that the electron-donating
groups make the complex more stable than the
electron-withdrawing  groups.  Furthermore,
the results from NBO analysis illustrate
that all the O—-H--Se/Te hydrogen bonds are
redshifted, resulting from a noticeable electron
density increase of ¢*(O—H) orbital following
complexation. The C,,H bond in the C-H--O/
Se/Te is transferred from the blueshift to redshift
in ordering O and Se and then to Te substitution.
This result is suggested by a slight decrease of
electron density at c*(Csz—H) orbital and a rise
in s-character percentage of C in C_,—H bonds
upon complexation.

110 | Quy Nhon University Journal of Science, 2025, 19(1), 99-113



QUY NHON UNIVERSITY

JOURNAL OF

SCIENCE

Acknowledgements

This research is funded by Vietnam

Ministry of Education and Training (MOET)
under grant number B2024-DQON-01.

REFERENCES

1.

G. A. Jeffrey, W. Saenger. Hydrogen bonding
in  biological structures, Springer-Verlag
Berlin Heidelberg, 1991.

S. J. Grabowski. Hydrogen bonding — new
insights, In J. Leszczynski (Ed.), Series
challenges and advances in computational
chemistry and physics, New York, NY
Springer, 2006.

J. D. Olivier, F. Marc, C. Enric. Activation
of C—H--halogen (Cl, Br, and I) hydrogen
bonds at the organic/inorganic interface in
fluorinated tetrathiafulvalenes salts, Chemistry
A European Journal, 2001, 7(12), 2635.

J.1.J. Dom, B. Michielsen, B. U. W. Maes, W.
A. Herrebout, B. J. V. D. Veken. The C-H---n
interaction in the halothane/ethene complex:
a cryosolution infrared and Raman study,
Chemical Physics Letters, 2009, 469, 85.

J. M. H. Ramon, A. M. Grana. Blue-shifting
hydrogen bond in the benzene—benzene and
benzene—naphthalene complexes, Journal of
Computational Chemistry, 2007, 28, 540.

C. D. Keefe, M. Isenor. Ab initio study of the
interaction of CHX (X = H, F, CI, or Br) with
benzene and hexafluorobenzene, The Journal
of Physical Chemistry A, 2008, 112, 3127.

L. S. Sremaniak, J. L. Whitten, M. J. Truitt, J.
L. White. Weak hydrogen bonding can initiate
alkane C—H bond activation in acidic zeolites,
The Journal of Physical Chemistry B, 2006,
110(42),20762.

R. E. Plata, D. E. Hill, B. E. Haines, D.
G. Musaev, L. Chu, D. P. Hickey, M.
S. Sigman, J. Q. Yu, D. G. Blackmond. A
Role for Pd(IV) in catalytic enantioselective
C-H functionalization with monoprotected
amino acid ligands under mild conditions,

Journal  of the American  Chemical
Society, 2017, 139 (27), 9238.

10.

11.

12.

13.

14.

15.

16.

17.

18.

P. R. Shirhatti, S. Wategaonkar. Blue shifted
hydrogen bond in 3-methylindole-CHX,
complexes (X = Cl, F), Physical Chemistry
Chemical Physics, 2010, 12, 6650.

P. R. Shirhatti, D. K. Maity, S. Wategaonkar.
C-H:--Y hydrogen bonds in the complexes of
p-cresol and p-cyanophenol with fluoroform
and chloroform, The Journal of Physical
Chemistry A, 2013, 117, 2307.

W. A. Herrebout, S. M. Melikova, S. N.
Delanoye, K. S. Rutkowski, D. N. Shchepkin,
B.J. V. D. Veken. A cryosolution infrared study
of the complexes of fluoroform with ammonia
and pyridine: evidence for a C—H---N pseudo
blueshifting hydrogen bond, The Journal of
Physical Chemistry A, 2005, 109, 3038.

B. G. Oliveira, R. C. M. U. D. Aragjo, M. N.
Ramos. A theoretical study of blueshifting
hydrogen bonds in © weakly bound complexes,

Journal of Molecular Structure (Theochem.),
2009, 908, 79.

R. Gopi, N. Ramanathan, K. Sundararajan.
Experimental blue-shifted
hydrogen bonding in the fluoroform—hydrogen

evidence for

chloride complex: a matrix-isolation infrared
and ab initio study, The Journal of Physical
Chemistry A, 2014, 118, 5529.

B. Behera, P. K. Das. Blue-shifted hydrogen
bonding in the gas phase CH/D,CN---HCCI,
complexes, The Journal of Physical Chemistry
A,2019, 123, 1830.

I. S. Sosulin, E. S. Shiryeva, D. A. Tyurin, V. L.
Feldman. Matrix isolation and ab initio study
on the CHF,---CO complex, The Journal of
Physical Chemistry A, 2018, 122, 4042.

N. T. Trung, P. N. Khanh, A. J. P. Carvalho, M.
T. Nguyen. Remarkable shifts of C_-H and
O-H stretching frequencies and stability of
complexes of formic acid with formaldehydes
and  thioformaldehydes,  Journal  of
Computational Chemistry, 2019, 40, 1387.

R. Gopi, N. Ramanathan, N. Sundararajan.
Blueshift of the C-H stretching vibration in
CHF,-H,O complex: matrix isolation infrared
spectroscopy and ab initio computations,
Chemical Physics, 2016, 476, 36.

Y. Mao, M. H. Gordon. Probing blue-shifting
hydrogen bonds with adiabatic energy

https://doi.org/10.52111/qnjs.2025.19109

Quy Nhon University Journal of Science, 2025, 19(1), 99-113 | 111



QUY NHON UNIVERSITY

JOURNAL OF

19.

20.

21.

22.

23.

24.

25.

26.

27.

SCIENCE

decomposition analysis, The Journal of
Physical Chemistry Letters, 2019, 10, 3899.

C. Wang, D. Danovich, S. Shaik, Y. Mo. A
unified theory for the blue- and red-shifting
phenomena in hydrogen and halogen bonds,
Journal of Chemical Theory and Computation,
2017, 13, 1626.

Y. Mo, C. Wang, L. Guan, B. Braida, P. C.
Hiberty, W. Wu. On the nature of blueshifting
hydrogen bonds, Chemistry A FEuropean
Journal, 2014, 20, 8444.

B.J. Mintz, J. M. Parks. Benchmark interaction
energies for biologically relevant noncovalent
complexes containing divalent sulfur, The
Journal of Physical Chemistry A, 2012, 116,
1086.

S. Sarkar, M. B. Bandyopadhyay. Cooperative
nature of the sulfur centered hydrogen bond:
investigation of (H,S), (n=2-4) clusters using
an affordable yet accurate level of theory,
Physical Chemistry Chemical Physics, 2019,
21,25439.

K. K. Mishra, S. K. Singh, P. Ghosh, D. Ghosh,
A. Das. The nature of selenium hydrogen
bonding: gas phase spectroscopy and quantum
chemistry calculations, Physical Chemistry
Chemical Physics, 2017, 19, 24179.

K. K. Mishra, S. K. Singh, K. Kumar, G.
Singh, B. Sarkar, M. S. Madhusudhan, A.
Das. Water-mediated selenium hydrogen-
bonding in proteins: pdb analysis and gas-
phase spectroscopy of model complexes, The
Journal of Physical Chemistry 4, 2019, 123,
5995.

V. R. Mundlapati, D. K. Sahoo, S. Ghosh,
U. K. Purame, S. Pandey, R. Acharya, N.
Pal, P. Tiwari, H. S. Biswal. Spectroscopic
evidences for strong hydrogen bonds with
selenomethionine in proteins, The Journal of
Physical Chemistry Letters, 2017, 8, 794.

J. Salon, J. Sheng, J. S. Jiang, G. X. Chen, J.
C. Williams, Z. Huang. Oxygen replacement
with selenium at the thymidine 4-position
for the Se base pairing and crystal structure

studies, Journal of the American Chemical
Society, 2007, 129, 4862.

R. W. Gora, S. J. Grabowski, J. Leszczynski.
Dimers of formic acid, acetic acid, formamide

https://doi.org/10.52111/qn;js.2025.19109

112 | Quy Nhon University Journal of Science, 2025, 19(1), 99-113

28.

29.

30.

31.

32.

33.

34.

35.

and pyrrole-2 carboxylic acid: an ab initio
study, The Journal of Physical Chemistry A,
2005, 109, 6397.

R. W. Goéra, M. Maj, S. J. Grabowski.
hydrogen bonds
revisited - Resonance stabilization vs. charge
delocalization, Physical Chemistry Chemical
Physics, 2013, 15,2514,

K. C. Asit, Z. H. Therese. Theoretical
Investigation of the Cooperativity in
CH,CHO---2H,0, CH,FCHO---2H,0, and
CH,CFO---2H,0 Systems, Journal of Atomic,
Molecular, and Optical Physics, 2012, 0, 1.

K. Tabayashi, O. Takahashi, H. Namatame,
M. Taniguchi. Substituent R-effects on the
core—electron excitation spectra of hydrogen-
bonded carboxylic-acid (R—COOH) clusters:
comparison between acetic-acid and formic-
acid clusters, Chemical Physics Letters, 2013,
557, 1.

T. S. Thakur, M. T. Kirchner, D. Bliser,
R. Boese, G. R. Desiraju. Nature and

Resonance-assisted

strength of C-H:--O interactions involving
formyl hydrogen atoms: computational and
experimental studies of small aldehydes,
Physical Chemistry Chemical Physics, 2011,
13, 14076.

K. Damanjit, K. Rajinder.
characterization of hydrogen Bonding
interactions between RCHO (R = H, CN, CF,,
OCH,, NH,) and HOR' (R'= H, Cl, CH,, NH,,
C(O)H, CH,), Journal of Chemical Sciences,
2015, 727, 1299.

Theoretical

Q. Zhang, L. Du. Hydrogen bonding in
the carboxylic acid—aldehyde complexes,
Computational and Theoretical Chemistry,
2016, 1078, 123.

N.T.T. Cuc, N. T. An, V. T. Ngan, N. T. Trung.
Importance of water and intramolecular
interaction governs substantial blue shift of
C,,H stretching frequency in complexes
between chalcogenoaldehydes and water, RSC
Advances, 2022, 12, 1998.

N. T. An, V. T. Ngan, N. T. Trung. Profound
importance of the conventional O-H O
hydrogen bond versus a considerable blue shift
of the C,,H bond in complexes of substituted
carbonyls and carboxyl, Physical Chemistry
Chemical Physics, 2024, 26, 22775.



QUY NHON UNIVERSITY

JOURNAL OF

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

SCIENCE

Y. Yang, W. T. Zhang. Theoretical study on
blue-shifted hydrogen bonds in CH,CHO
dimers, Acta Chimica Sinica, 2009, 67, 599.

N.T.T. Cuc, P. D. C. Tu, N. T. A. Nhung, M. T.
Nguyen, N. T. Trung, V. T. Ngan. Theoretical
aspects of nonconventional hydrogen bonds
in the complexes of aldehydes and gydrogen
chalcogenides, The Journal of Physical
Chemistry A, 2021, 125(48), 10291.

L. T. T. Quyen, B. N. Tung, P. N. Thach,
N. N. Tri, N. T. Trung. Characteristics of
nonconventional hydrogen bonds and stability
of dimers of chalcogenoaldehyde derivatives:
a noticeable role of oxygen compared to other
chalcogens, RSC Advances, 2024, 14, 14114.

M. J. Frisch, G. W. Trucks, H. B. Schlegel,
et al. Gaussian 16 Rev. A. 03, Gaussian Inc.,
Wallingford CT, 2016.

T. A. Keith. AIMAIl (Version 19.10.12), TK
Gristmill Software, Overland Park KS, USA,
2019.

P. L. Popelier. Atoms in molecules: an
introduction, Prentice Hall, London, 2000.

I. Mata, 1. Alkorta, E. Espinosa, E. Molins.
Relationships between interaction energy,
intermolecular distance and electron density
properties in hydrogen bonded complexes
under external electric fields, Chemical
Physics Letters, 2011, 507, 185.

E. D. Glendening, J. K. Baderhoop, A. E.
Read, J. E. Carpenter, J. A. Bohmann and
F. Weinhold. GenNBO 5.G, Theoretical
Chemistry Institute, University of Wisconsin
Madison, W1, 2001.

F. Weinhold, C. R. Landis. Natural bond
orbitals and extensions of localized bonding
concepts, Chemistry Education Research and
Practice, 2001, 2, 91.

J. D. Chai, M. H. Gordon. Long-range
corrected hybrid density functionals with

©NOIS

© 2025 by the authors. This Open Access Article is licensed under the Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC 4.0) license (https://creativecommons.org/licenses/by-nc/4.0/).

46.

47.

48.

49.

50.

51.

damped atom—atom dispersion corrections,
Physical Chemistry Chemical Physics, 2008,
10, 6615.

J. M. Turney, A. C. Simmonett, R. M. Parrish,
E. G. Hohenstein, F. A. Evangelista, J. T.
Fermann, B. J. Mintz, L. A. Burns, J. J. Wilke,
M. L. Abrams, N. J. Russ, M. L. Leininger,
C. L. Janssen, E. T. Seidl, Q. D. Allen, H.
F. Schaefer, R. A. King, E. F. Valeev, C. D.
Sherrill, T. D. Crawford. Psi4: an open-source
ab initio electronic structure program, WIREs
Computational Molecular Science, 2012, 2(4),
556.

S. Bedoura, H. W. Xi, K. H. Lim. Hydrogen
bond nature in formamide (CYHNH, - XH;
Y=0, S, Se, Te; X = F, HO, NH,) complexes
at their ground and low-lying excited states,
Journal of Physical Organic Chemistry, 2014,
27(3), 226.

N. T. An, N. T. Duong, N. N. Tri, N. T. Trung.
Role of O-H:-O/S conventional hydrogen
bonds in considerable C,,H blueshift in
the binary systems of acetaldehyde and
thioacetaldehyde with substituted carboxylic
and thiocarboxylic acids, RSC Advances,
2022, 12(54), 35309.

E. V. Dornshuld, C. M. Holy, G. S.
Tschumper. Homogeneous and heterogeneous
noncovalent dimers of formaldehyde and
thioformaldehyde:
and vibrational frequencies, The Journal of
Physical Chemistry A, 2014, 118, 3376.

I. V. Alabugin, S. Bresch, M. Manoharan.
Hybridization trends for main group elements
and expanding the Bent’s rule beyond carbon:
more than electronegativity, The Journal of
Physical Chemistry A, 2014, 118, 3663.

structures,  energetics,

G. A. Dolgonos. Which isomeric form of
formaldehyde dimer is the most stable — a
high-level coupled-cluster study, Chemical
Physics Letters, 2013, 585, 37.

https://doi.org/10.52111/qnjs.2025.19109

Quy Nhon University Journal of Science, 2025, 19(1), 99-113 | 113






QUY NHON UNIVERSITY
AT\ SCIENCE

Dy doan hiéu qua va cé thé giai thich tuong tac
protein-ligand st dung mod hinh Gradient Boosting
va Al c6 thé giai thich
Trwong Thi Cam Mai*

Khoa Khoa hoc Tw nhién, Truong Pai hoc Quy Nhon, Viét Nam

Ngay nhdn bai: 25/11/2024; Ngay sia bai: 24/01/2025;
Ngay nhdn dang: 04/02/2025; Ngay xudt ban: 28/02/2025

TOM TAT

Du doan kha ning lién két cta cac phéan tir nhod véi cac muc tiéu protein 1a mot budce quan trong trong qué
trinh kham phé thudc hién dai, mo ra tiém ning day nhanh viéc x4c dinh cac liéu phap diéu tri hiéu qua dong thoi
giam chi phi thi nghiém. Trong nghién ctru nay, chung toi st dung bd dir licu BELKA, mot thu vién hoa hoc ma hoa
bang DNA (DEL) quy mé 16n, d huén luyén cac mé hinh hoc may nham du doan kha nang lién két. Bing cach ap
dung XGBoost, mot thuat toan gradient boosting dua trén cdu trac cdy quyét dinh, cing vdi cac budc tién xur Iy va
thiét ké ddc trung chuyén sau, chung toi di phat trién cac mo hinh du doan cho ba myc tiéu protein: BRD4, HSA,
va sEH dé dy doan kha nang lién két phan tir cho ba muc tiéu protein. Cac mé hinh nay thé hién ning lyc dy doan
manh mé, ddng thoi cho phép giai thich két qua thong qua phén tich SHAP nhim xac dinh cac dic trung phén tir
quan trong quyét dinh kha nang lién két. Danh gia trén bo dit lidu kiém tra BELKA cho thay nhiing thach thirc trong
viéc khai quat hoa, cung cp nhirng hiéu biét quy gia vé su phirc tap cia mé hinh du doan trong kham pha thudc.
Nghién ciru nay nhan manh tiém ning ctia hoc may trong viée thic ddy qua trinh kham pha thudc bang may tinh,
cho phép kham phéa khong gian hoa hoc hiéu qua hon dé tim kiém cac liéu phap diéu tri tiém nang.

Tir khoa: Khdam phd thuoc, hoc may, Al cé thé gidi thich.
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ABSTRACT

The prediction of small molecule binding affinity to protein targets is a critical step in modern drug discovery,
offering the potential to accelerate the identification of effective therapeutics while reducing experimental costs. In
this study, we employ the BELKA dataset, a large-scale DNA-encoded chemical library (DEL), to train machine
learning models for binding affinity prediction. Using XGBoost, a tree-based gradient boosting algorithm, and
extensive preprocessing and feature engineering, we develop predictive models for three protein targets: BRD4,
HSA, and sEH to predict whether a given small molecule is a binder or not to one of three protein targets. The
models demonstrate strong predictive capabilities, with interpretability achieved through SHAP analysis to
identify molecular features driving binding predictions. Evaluation of the BELKA test dataset reveals challenges
in generalization, providing valuable insights into the complexities of predictive modelling in drug discovery. This
work highlights the promise of machine learning in advancing computational drug discovery by enabling efficient
exploration of the chemical space for potential therapeutics.

Keywords: Drug discovery, machine learning, explainable artificial intelligence.

1. INTRODUCTION

The development of machine learning (ML)
models to predict the binding affinity of small
molecules to specific protein targets holds
transformative potential for drug discovery.
Predicting these interactions is central to
identifying new, effective drug candidates, as
small molecule drugs interact with cellular
protein machinery to influence disease-
associated biological processes.

Traditionally, screening and testing
small molecules for binding affinity to protein
targets involve labour-intensive and costly
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physical experiments, which severely limits the
speed and scope of drug discovery efforts.!?
The search space for small molecule drugs is
estimated to encompass approximately 10
chemical compounds, which is impractical to
screen physically.’

With the pharmaceutical landscape
evolving, the integration of ML-based predictive
models offers a promising alternative to these
conventional approaches, enabling efficient
exploration of the vast chemical space for
Traditional  high-
throughput screening (HTS) technologies can

potential  therapeutics.
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assess libraries of small molecules against
protein targets, but they are often restricted to
collections of tens of thousands to a few million
compounds.* In response to this limitation,
DNA-encoded chemical libraries (DELs) have
emerged as a more scalable solution.” DELs
use unique DNA barcodes to tag each molecule,
allowing the pooling of millions of compounds
and simplifying the identification of binders
through DNA sequencing. This method has
substantially expanded the feasible scale of
chemical libraries and presents an attractive
foundation for computational models aimed at
binding affinity prediction.

Advances in ML architectures and feature
representation techniques, such as Simplified
Molecular Input Line Entry System (SMILES)
and graph-based molecular representations, have
made it possible to capture complex chemical
properties and interactions computationally.®
SMILES, as a
representation, encodes atom connectivity

string-based  molecular

and stereochemistry, facilitating ML models’
application in molecular property prediction,
drug discovery, and materials design.

Hence, in this work, we explore the
application of a tree-based gradient boosting
approach, specifically XGBoost, for predicting
binding affinity.” In addition to model
development, an Explainable Al (XAI) method
is integrated to interpret model behaviour,
enhancing transparency and interpretability
in the prediction of molecular binding. The
findings from this study aim to contribute to the
broader field of computational drug discovery,
leveraging ML to identify promising drug
candidates with high precision and potentially
reduce the costs associated with traditional
drug development methods. By enabling more
efficient exploration of chemical space, this
work aspires to pave the way toward discovering
new lifesaving therapeutics for complex
diseases. Conclusively, in this study, we make
the following contributions:

o Dataset Utilization: We leverage the
BELKA dataset®, a large-scale DNA-encoded
chemical library, providing a comprehensive
resource for binding affinity modelling.

o Predictive Modelling: We employ
the XGBoost model optimized with advanced
preprocessing and feature reduction techniques
to predict binding affinities for three biologically
significant protein targets: BRD4, HSA, and
sEH.

o Interpretability: Through XAl analysis,
we enhance the interpretability of the models,
offering molecular-level insights into the features
influencing binding predictions.

e Benchmarking: We evaluate our
methodology on the BELKA dataset, highlighting
the challenges of generalization for unseen cases.

2. RELATED WORK

2.1. Drug discovery and protein-target
interactions

The pharmaceutical field relies heavily on
understanding and predicting protein-target
interactions, as these molecular interactions
are critical in developing effective drugs.
Small molecule drugs are typically designed
to modulate specific protein targets linked to
disease mechanisms. Protein-ligand binding is
fundamental to this process, as the ability of a
drug candidate to bind to a specific protein target
determines its efficacy and safety.

Traditional drug discovery methodologies,
such ashigh-throughputscreening (HTS), involve
synthesizing large libraries of small molecules
and testing their affinity with the protein targets.
However, HTS is costly, time-intensive, and
limited in scope due to physical constraints,
allowing only a fraction of potential drug-like
compounds to be examined. Innovations, such as
DNA-encoded chemical libraries (DELs)®, have
addressed some of these limitations by enabling
more extensive exploration of chemical space. In
DELs, small molecules are tagged with unique
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DNA barcodes, allowing millions of compounds
to be screened in a pooled format. As such,
DELSs offer a scalable and efficient alternative to
traditional HTS. Advances in molecular biology
and DNA sequencing have further accelerated
DEL technology, facilitating its adoption in both
academia and industry.

2.2. SMILES and molecular representations

SMILES is one of the most widely adopted
formats for encoding chemical structures in
computational chemistry.® SMILES strings
represent molecular structures in a linear form,
capturing atoms, bonds, and stereochemistry in
a machine-readable format. This notation has
become essential for ML applications in drug
discovery due to its simplicity and the ease with
which it can be integrated into computational
pipelines. SMILES can also be converted to
other representations, such as 3D structures and
molecular graphs, allowing flexibility in model
input formats.

Alternative molecular representations,
such as molecular fingerprints and molecular
graphs, offer distinct advantages. Molecular
fingerprints encode the presence or absence of
substructures, providing a high-dimensional,
fixed-length vector representation suited for
various ML tasks.>'* Meanwhile, molecular
graphs represent the connectivity of atoms in
the molecule, capturing spatial information that
can be valuable for models like graph neural
networks (GNNs).'*'7 Recent studies suggest
that combining multiple representations, such
as SMILES with molecular graphs, can enhance
predictive accuracy by leveraging diverse
information formats.

2.3. Machine learning in molecular binding
prediction

ML has become essential to molecular binding
prediction, with recent models achieving high
performance by leveraging large datasets and
sophisticated algorithms. ML models, especially
deep learning (DL) frameworks, can capture
complex relationships in chemical and biological

https://doi.org/10.52111/qn;js.2025.19110

data, allowing them to predict molecular
properties with increasing accuracy.

Traditional ML methods, such as

quantitative  structure-activity  relationship
(QSAR) models, relied on engineered molecular
descriptors to predict binding affinity. Still, recent
ML approaches enable the use of raw chemical
representations such as SMILES and molecular
graphs, reducing the need for extensive feature
engineering.'®?° Convolutional neural networks
(CNNs)?!, graph neural networks (GNNs)??, and
recurrent neural networks (RNNs)* have been

widely used to encode molecular structures.

In addition to DL approaches, gradient-
boosting algorithms like XGBoost have gained
recognition for their efficacy in molecular
property prediction. XGBoost suits tasks
involving structured, high-dimensional data,
such as molecular fingerprints. By leveraging an
ensemble of decision trees, XGBoost iteratively
refines predictions, minimizing error while
maintaining interpretability. Unlike DL models,
XGBoost offers a computationally efficient
alternative that is well-suited for datasets with
tabular or fingerprint-based representations.
Recent studies have shown that integrating
molecular representations, such as Extended-
(ECFPs)*  with
XGBoost, yields highly accurate binding affinity

Connectivity  Fingerprints

predictions while retaining transparency. These
models are particularly valuable in scenarios
where interpretability is crucial, such as drug
discovery pipelines.”**” Additionally, XGBoost's
robustness to overfitting, especially when
combined with appropriate feature selection and
regularization, makes it a strong candidate for
handling imbalanced datasets often encountered
in molecular binding tasks.

2.4. Explainability in ML for drug discovery

As ML models become increasingly complex,
understanding the decision-making process
within these models is critical for their adoption in
sensitive fields like drug discovery. XAl methods
aim to make the behaviour of complex ML
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models more interpretable by providing insights
into how input features influence predictions. In
drug discovery, XAl can offer insights into which
molecular features contribute most significantly
to binding affinity, helping chemists understand
and validate model predictions.?3?

While tree-based models such as XGBoost
provide inherent interpretability through their
structured decision paths, this interpretability
becomes limited when applied to high-
dimensional and large-scale datasets. In such
cases, the complexity and volume of features
make it challenging to discern the specific
contributions of individual features to each
prediction, thereby reducing the practical utility
of feature importance metrics provided by these
models. To address this limitation, XAl methods,
like SHAP (SHapley Additive exPlanations)?®!
values and LIME (Local Interpretable Model-
agnostic Explanations)®, are often applied to
these models, enabling the decomposition of
predictions into contributions from individual
features. For example, SHAP values, derived
from cooperative game theory, were especially
used to quantify each feature’s influence on
the prediction.”> These explanation methods
not only facilitate model interpretation but also
foster trust in ML predictions, an essential factor
for the integration of Al into pharmaceutical
workflows.

3. DATASET

The BELKA dataset used in this study comprises
training and test samples that detail the
interactions between various small molecules
and three protein targets: bromodomain-
containing protein 4 (BRD4), soluble epoxide
hydrolase (EPHX2/sEH), and human serum
albumin (ALB/HSA).> The dataset presents a
binary classification of whether a given small
molecule is a binder or not to one of three protein
targets.

3.1. Dataset targets

The BELKA dataset encompasses three distinct
protein targets: BRD4, EPHX2/sEH, and ALB/

HSA. Each target represents a unique class of
biomolecular interactions, selected to provide
a diverse benchmarking ground for modelling
small molecule-protein interactions. These
targets were carefully chosen for their biological
significance and existing therapeutic relevance.
Their acquisition and preparation followed
rigorous protocols to ensure data fidelity and
reproducibility.

3.1.1. BRD4

Bromodomain-containing protein 4 is a pivotal
member of the BET protein family, involved in
recognizing acetylated lysines on histone tails.*
BRD4 has emerged as a prominent therapeutic
target in oncology, with inhibitors designed to
disrupt its role in transcriptional regulation,
particularly in cancer proliferation pathways.
Recombinant BRD4 was acquired through
baculovirus expression in insect cells to preserve
post-translational modifications critical for
its bromodomain function. Protein purity and
structural integrity were validated through size-
exclusion chromatography and binding assays
with known BRD4 inhibitors. These quality-
control measures ensured that the BRD4 used
in DEL screenings retained its native binding
characteristics, enabling high-confidence small
molecule-protein interaction studies.

3.1.2. BPHX2/sEH

Soluble epoxide hydrolase is an enzyme
involved in metabolizing lipid epoxides,
converting them into diols through hydrolysis.*
This enzymatic activity has been implicated
in numerous physiological and pathological
processes, including inflammation, pain, and
cardiovascular diseases. Recombinant human
EPHX2 was expressed in Escherichia coli and
purified via affinity chromatography. Its activity
was verified using substrate-based fluorescence
assays to confirm functional integrity before
integration into DEL screening assays. By
selecting sEH as a target, the BELKA dataset
facilitates the evaluation of ligand binding in the
context of enzymatic specificity and inhibition.
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Quy Nhon University Journal of Science, 2025, 19(1), 115-130 | 119



QUY NHON UNIVERSITY

I SCIENCE

3.1.3. ALB/HSA

Human serum albumin, the most abundant
plasma protein, plays a key role in drug
pharmacokinetics by binding and transporting
a wide range of endogenous and exogenous
compounds.’® For this dataset, HSA was
isolated from human plasma and subjected
to additional purification to remove potential
impurities. Its binding activity was assessed
through equilibrium dialysis and competitive
ligand-binding assays to confirm its ability to
interact with small molecules®’. Using HSA in
the DEL screening enables exploring protein-
small molecule interactions that influence drug
bioavailability and distribution.

3.2. Dataset acquisition

The raw readout acquisition process is visualized
in Figure 1. The primary library, AMAO14, is
a triazine-based shree-cycle library designed
to resemble DEL-A. An additional orthogonal
DEL, termed kinaseO (kin0), was designed to
mimic kinase inhibitor chemistry.

The screening methodology involved
combining the DEL with the target protein,
isolating DEL/target complexes, eluting the
bound DEL through heat application, and
repeating the selection with the fresh target
protein. This iterative process, conducted over
three rounds for AMAO14, aimed to enrich
high-affinity binders. Each selection series for
AMAO14 was performed in triplicate to assess
reproducibility. In contrast, the smaller kinaseO
library underwent a single selection round,
performed in duplicate with a single negative
control. Post-selection, the eluted DELs were
subjected to sequencing to quantify binding
events. The dataset includes both binary binding
labels and raw sequencing counts, facilitating
diverse analyses, including evaluating hit-calling
methods and experimental design parameters.
The raw dataset encompasses approximately
4.25 billion physical measurements, with
compressed data totalling around 600 GB.

https://doi.org/10.52111/qn;js.2025.19110

All protein targets underwent rigorous
selection and preparation to maintain high
experimental reproducibility. For each target,
protein binding assays were conducted to
confirm the enrichment of small molecule
binders across multiple rounds of DEL screening.
The screening workflow included initial binding
assays with the target protein, iterative selection
and amplification of enriched libraries, and
sequencing to quantify binding events. These
protocols were designed to capture high-affinity
interactions and a broad spectrum of molecular
binders, ensuring a comprehensive dataset for
benchmarking predictive models.

3.3. Dataset description

Each row in the dataset encapsulates the chemical
composition and binding characteristics of a
small molecule with a specific protein target,
providing a structured basis for learning binding
patterns across different protein targets and
molecular configurations.

The training dataset Dyrqin, contains
98,415,610 samples and D4 contains 878,022
samples. The training dataset Dyqin (as shown
in Table 1) includes molecular structures
represented by SMILES strings, with each
sample specifying four chemical building
blocks, a complete molecular structure, the
protein target, and the binary binding label
(1 for binding, 0 for no binding) as the output
variable. The test dataset Dyes; follows a similar
structure without the binding label, providing
the molecular structure and target protein only.
Each feature of the data is described as follows:

e id: A unique identifier for each record.
Every unique combination of small molecule
features is represented by three consecutive
rows, each corresponding to a specific protein
target: BRD4, HSA, or sEH. This structure
allows for direct comparisons of binding affinity
predictions across the three protein targets for
the same molecular structure.
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A SMILES
string representing the first building block of

* buildingblockl_smiles:

the molecule. This component forms part of
the molecular structure and contributes specific
chemical properties to the final molecule.

A SMILES
string for the second building block. Together
with the first and third building blocks, it helps
define the molecule's structure and potential

* buildingblock2 smiles:

binding characteristics.

* buildingblock3_smiles: A SMILES
string representing the third building block of
the molecule, completing the combination of
foundational elements used to form the final
molecule.

* molecule_smiles: A SMILES string
for the entire molecule, constructed from the
building blocks and representing the complete
molecular structure, including atoms, bonds, and
stereochemistry. This column is a primary input
for machine learning models to predict binding
affinity based on the molecule's overall chemical
structure.

* protein_name: The name of the protein
target for each molecule, which can be one of
three values—BRD4, HSA, or sEH. Each protein

target has a specific biological significance and
is used to determine the binding affinity of the
molecule to a particular protein. For each unique
molecule, the dataset includes rows for all three
proteins to allow cross-target comparisons.

e binds (Di¢rain only): A binary label
indicating whether the molecule binds to the
specified protein target. A value of '1' signifies
that the molecule binds to the target, while '0'
indicates no binding. This label is used as the
output variable y.

For instance, the 2D representation of a
molecule in the BELKA dataset is demonstrated
in Figure 1.

—_—
=
’Q

HN
= ’Q/\u ,{N\ii" K

, =

=
Figure 1. The 2D representation of a BELKA

molecule (C#CCOclccc(CNe2ne(NCC3CCCN3c3ce
cnn3)nc(N[C@@H](CC#C)CC(=O)N[Dy])n2)ccl).

Table 1. Training dataset excerpts for 3 targets: BRD4, HSA, and sEH.

. buildingblock1_ buildingblock2 buildingblock3 X protein_ .
id . . . molecule_smiles binds
smiles smiles smiles name
C#CC[C@@H]
C#CCOclece(CNe2ne(NCC3CCC
(CC(=0)O)NC(=0)  C#CCOclcce (CN)  Br.Br.NCCICC
0 N3c3ccenn3)ne(N[C@@H](CC#C) BRD4 0
OCClc2cccec2- ccl.Cl CNlcleeennl
CC(=O)N[Dy])n2)ccl
c2ccecc2l
C#CC[C@@H]
C#CCOclece(CNe2ne(NCC3CCC
(CC(=0)O)NC(=0)  C#CCOclcce (CN)  Br.Br.NCCICC
1 N3c3ccenn3)ne(N[C@@H](CC#C) HSA 0
OCClc2cccec2- ccl.Cl CNlclceennl
CC(=O)N[Dy])n2)ccl
c2ccecc2l
C#CC[C@@H]
C#CCOclece(CNe2ne(NCC3CCC
(CC(=0)O)NC(=0)  C#CCOclcce (CN)  Br.Br.NCCICC
2 N3c3ccenn3)ne(N[C@@H](CC#C) sEH 0
OCClc2cecec2- ccl.Cl CNlclceennl
CC(=O)N[Dy])n2)ccl
c2ccecc2l
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4. METHODOLOGY
4.1. Data preprocessing

In the data preprocessing phase, as demonstrated
in Figure 2, the dataset was processed in
increments of 10* rows to manage memory
efficiently, given its large size. Each molecule in
the dataset, represented by SMILES strings, was
processed to create ECFPs, a commonly used
molecular representation in cheminformatics.
The SMILES strings for each molecule were
converted into RDKit molecular objects, and
ECFPs were generated with a radius of 2 and
a fingerprint size of 2048 bits. The ECFPs
were transformed into sparse matrix format
to optimize memory usage, and additional bit
information for each fingerprint was captured to
enhance interpretability.

To reduce the dimensionality and
improve computational efficiency, each of the
building blocks (as shown in Section 3), namely
buildingblockl smiles, buildingblock2 smiles
and buildingblock3 smiles were mapped to
unique integer identifiers, with dictionaries
created for each set of SMILES strings.

For instance, building blocks in
buildingblockl smiles were mapped to integer
values in blocks dict 1, while a shared
dictionary, blocks dict 23, was created for
buildingblock2 smiles and  buildingblock3
smiles due to the overlap between these blocks.
These mappings were then saved, allowing
for efficient lookup and reuse. To address the
class imbalance, particularly given the scarcity
of positive binding cases, the dataset was
downsampled for non-binding entries, retaining
all rows where the binding was detected and
sampling a subset of non-binding cases. This
balanced dataset provided an optimal size and
improved training stability.

Processed data, including the sparse
ECFP matrices and integer-encoded building

https://doi.org/10.52111/qn;js.2025.19110

blocks, were saved into a training balanced
set &,4n, and a test set &y, in compressed
formats for efficient storage and retrieval. This
preprocessing pipeline allowed for structured
and memory-efficient representation of the
dataset, supporting effective model development
for binding prediction across the three protein
targets.

4.2. Model implementation

In this section, we described our implementation
of a multi-step model training and evaluation
process to predict the binding affinity of small
molecules to three protein targets: BRDA4,
HSA, and sEH. This approach involved model
selection, feature reduction, model training and
evaluation.

4.2.1. Training setup and data partitioning

To control randomization across the training
process, we initialized a fixed seed as 42,
allowing for reproducibility in sampling and
shuffling steps. The dataset &;,,;, wWas then split
into a training set 4,,,;, (90%) and a validation
set Ayq (10%) based on a shuffled index of
samples. This partitioning enabled model tuning
on the training set while using the 4,4 to assess
model generalization and prevent overfitting.

4.2.2. Feature reduction by variance threshold

The initial input data contained high-
dimensional molecular fingerprints generated
from ECFPs. To reduce dimensionality and
enhance model performance, we applied a
variance threshold to the ECFP feature matrix.
Features with variance 6 below 0.005 were
removed, as low-variance features contribute
minimally to distinguishing between classes.
This filtering reduced computational complexity
and mitigated overfitting by retaining only the
most informative features.
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‘ Load Data in Chunks ’

‘ Process Each Chunk lteratively ’

Encode Building Blocks with
Unique Integers

/ N

Map Block 1 to Map Blocks 2 & 3 to
Unique Integer IDs Shared Dictionary

Load Training & Test Data

‘ Load Train ECFP Sparse Matrix

. /

Convert SMILES
to RDKit Objects

Generate ECFP with
Radius 2, 2048 Bits

Store ECFPs as Sparse Matrix
(CSR format)

Restructure Data by
Protein Targets

Save Training/Test
ECFP Sparse Matrix

Extract Binary Binding Labels:
BRD4, HSA, sEH

Sample to Balance Positive
and Negative Classes

Save Balanced Training
ECFP Sparse Matrix

Figure 2. The pipeline of preprocessing dataset.

Train Blocks Unique SMILES

‘ Combine Unique SMILES Sets ‘

Variance Threshold Selection (#) ‘

Split into Train (90%) and
Validation (10%)

Train XGBoost with Targets:
BRD4, HSA, sEH

D)

Evaluate with MAP
(Mean Average Precision)

%

l Generate Test Predictions ‘

Figure 3. The pipeline of model training, validation

and inference.
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4.2.3. Model training and inference

In this step, we employed XGBoost, a gradient
boosting algorithm, to train separate binary
classification models for each protein target:
BRD4, HSA, and sEH.

For each model, we configured the
objective function as binary logistic regression
with a learning rate » of 0.2, and the evaluation
metric as the average precision score (AP). Early
stopping was applied with a patience p of 100
rounds to prevent overfitting, and the model was
allowed up to 4000 iterations for convergence.
To handle imbalanced data, we computed a
scale positive weight for each target, defined as

N
w=—"9  where Npeg and Ny, represent the
pos

counts of non-binding and binding samples,
respectively.

4.3. Model explanation with XAI

To understand the contribution of specific
molecular features to each model’s predictions,
we applied an interpretability method, namely
SHAP.

We utilized the SHAP TreeExplainer
for XGBoost, which computes Shapley values
efficiently in tree-based models. SHAP summary
plots and bar charts were generated to visualize
the global importance of features in predicting
binding affinity for each target.

5. RESULTS
5.1. Model performance

To evaluate the effectiveness of our predictive
models on the binding affinity classification task,
we conducted a comprehensive performance
assessment across the three protein targets:
BRD4, HSA, and sEH. The metrics used for
evaluation included accuracy, mean average
precision (MAP), recall, and the area under
the precision-recall curve (AUCPR), which
are presented in Table 1. Results were reported
separately for the training set A4,,.;, and the
validation set A4,, to provide insights into
training stability and generalization.

https://doi.org/10.52111/qn;js.2025.19110

5.1.1. Evaluation metrics

Accuracy measures the overall correctness of
predictions and is defined as the ratio of correctly
classified samples (both positive and negative)
to the total number of samples. Mathematically,
accuracy is expressed as:

TP+TN
TP+TN+FP+FN

Accuracy =

where TP represents true positives, TN
represents true negatives, FP represents false
positives, and FN represents false negatives.
While accuracy provides a general assessment
of the model's classification capability, it can
be less informative in imbalanced datasets, as it
may overemphasize the correct classification of
the majority class.

Recall
proportion of actual positive cases correctly
identified by the model. It is defined as:

TP
TP+ FN

(Sensitivity) measures the

Recall =

Recall focuses on the model's ability
to capture true binders, which is critical in
applications where missing positive cases (e.g.,
potential drug candidates) could have significant
consequences. A high recall ensures that the
model effectively identifies most true binding
interactions.

Mean Average Precision (MAP) evaluates
the ranking quality of predictions, particularly
the precision of positive cases across various
thresholds. It is calculated as the mean of the
Average Precision (AP) scores over all classes,
where AP combines precision and recall into a
single metric that emphasizes the ranking order
of positive predictions. MAP is computed as:

I~
MAP = NZAP(ytrue' ypred)
i=1

where Ry, is the recall at rank k and Pj is the
precision at rank k. MAP is particularly valuable
for imbalanced datasets, as it prioritizes the
correct ranking of true positives, making it
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sensitive to the quality of predictions for the
minority class.

Area Under the Precision-Recall
Curve (AUCPR) quantifies the trade-off
between precision and recall across all decision
thresholds.

Characteristic (ROC) curve, the Precision-

Unlike the Receiver Operating

Recall curve is more informative in imbalanced
datasets, as it emphasizes the model's ability to
classify the positive class correctly. AUCPR is
calculated as the area under the curve formed
by plotting precision against recall at varying
thresholds. A higher AUCPR indicates a better

balance between precision and recall, reflecting
the model's ability to maintain high sensitivity
(recall)  without
(precision).

compromising  specificity

These four metrics were chosen to provide
a comprehensive evaluation of the models,
capturing their overall classification accuracy,
ranking quality, sensitivity to true positives, and
the precision-recall trade-off. By analyzing these
metrics, we can gain deeper insights into the
strengths and limitations of the models for each
protein target, enabling targeted improvements
in future iterations.

Table 2. The model performance on the training and validation set with accuracy, mean average precision (MAP),

recall and area under the precision-recall curve (AUCPR).

BRD4 HSA sEH BRD4 HSA sEH
Accuracy MAP
Arain 0.9637 0.9164 0.9798 0.5708 0.3341 0.7913
Ayl 0.9583 0.9082 0.9767 0.5364 0.3006 0.7754
Recall AUCPR
Arain 0.9910 0.9543 0.9979 0.9098 0.6751 0.9773
Apar 0.9275 0.8467 0.9778 0.8663 0.6076 0.9629

Train and Validation AUCPR for BRD4

Train and Validation AUCPR for HSA

Train and Validation AUCPR for sEH

~—— HSA Train AUCPR

0.90 - oo

0.65
0.85

0.60
0.80

I

0.55 —— BRD4 Train AUCPR
- BRDA4 Validation AUCPR 0.35

HSA Validation AUCPR

0.975 W
0950 /!

0.925

0,900

AUCPR

0.875

0.850

0.825

—— SEH Train AUCPR
SEH Validation AUCPR.

0.800 1

0 500 1000 1500 2000 2500 3000 3500 4000 0
Epochs

500 1000 1500 2000 2500 3000 3500 4000 0
Epochs

500 1000 1500 2000 2500 3000 3500 4000
Epochs

Figure 4. The area under the precision-recall curve (AUCPR) visualization of the model on the training (in green)

and validation (in orange) set.

5.1.2. Performance evaluation

For BRD4, the model achieved a high
accuracy of 0.9637 on A, and 0.9583 on
A, indicating minimal overfitting and strong
predictive performance. However, the MAP
values, which assess the ranking quality of
positive predictions, were relatively modest
at 0.5708 for A4,,,, and 0.5364 for 4,, . This

reflects the inherent difficulty of ranking positive
binders for BRD4. Despite this, the recall values
were consistently high, reaching 0.9910 for 4,,;,
and 0.9275 for 4,,, demonstrating the model's
capability to identify a significant proportion
of true binders. The AUCPR scores, 0.9098 for
Ayrain and 0.8663 for 4, , further confirms the
model's effectiveness in differentiating binders
from non-binders.
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For HSA, the model exhibited slightly
lower accuracy than BRDA4, with values of
0.9164 for 4,,,;, and 0.9082 for 4,,. The MAP
scores for HSA, 0.3341 for 4,,,;,, and 0.3006
for 4,,,, were the lowest among the three targets,
indicating challenges in ranking true binders
effectively. Nevertheless, the recall metrics for
HSA were robust, achieving 0.9543 on 4,4,
and 0.8467 on 4,,,. The AUCPR values, 0.6751
for 4., and 0.6076 for A4,,, suggest the
model's reasonable ability to identify binding
patterns, though there is room for improvement

in precision-recall balance.

The model's performance on sEH was the
strongest overall. The accuracy reached 0.9798
for 4,.,, and 0.9767 for A4,,, showcasing
exceptional classification accuracy. Similarly,
the MAP scores, 0.7913 for 4,,,, and 0.7754

https://doi.org/10.52111/qn;js.2025.19110

for 4,,, were significantly higher than those
for BRD4 and HSA, indicating superior ranking
performance. Recall values were near perfect
at 0.9979 for 4,,,,, and 0.9778 for 4,,;, further
emphasizing the model's sensitivity in detecting
true binding events. The AUCPR scores, 0.9773
for A4,,, and 0.9629 for 4,,, reinforce the
robustness of the model for sEH, highlighting its
capability to separate binders from non-binders
with high confidence effectively.

In addition to evaluating model
performance on the 4,,,,, and 4,,; sets, the final
models were assessed on the BELKA test dataset
Eest» as part of a Kaggle competition. Since
the test labels for each target were not made
available, the evaluation relied solely on the
predictions' final test scores. On the public test
set, the model achieved an accuracy of 0.2042,
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while the private test set yielded a slightly lower
accuracy of 0.1843.

Finally, these results demonstrate that the
boosting models, when combined with efficient
data preprocessing and dimensionality reduction,
can achieve reliable predictions across diverse
protein targets. The differences in MAP and
AUCPR scores among the targets underscore
the varying complexities of binding prediction,
with sEH being the most tractable and HSA
presenting the greatest challenges. The results on
the test datasets highlight the challenges posed
by the BELKA dataset, particularly the difficulty
in achieving generalizable predictions across
unseen data. The gap between validation and
test performance underscores the potential for
further enhancements in model robustness and
generalization.

5.2. Model intepretability

To provide insights into the decision-making
process of the predictive models, we employed
SHAP to quantify the contribution of individual
molecular features to the model's output.
SHAP explanations are particularly valuable in
understanding which molecular substructures,
represented as SMILES fragments, had the
most significant impact on the binding affinity
prediction for each protein target: BRD4, HSA,
and sEH. The SHAP summary plots for the
three targets are presented in Error! Reference
source not found., with the x-axis representing
the mean absolute SHAP value, indicative of the
average magnitude of a feature’s impact on the
model's predictions.

BRD4 (Error! Reference source not
found.a): the most influential molecular feature
was the fragment "CCNCC," which exhibited
the highest mean SHAP value, highlighting its
strong association with binding predictions.
Other significant contributors included fragments
with nitrogen and aromatic substructures such
as "CCC(N)C(N)=0" and "C(c)(H)C(Nc=In),"
suggesting that these groups may play a key
role in interacting with BRD4's bromodomains.

Notably, the diversity of impactful features
underscores the model's ability to capture
complex molecular patterns that influence
binding specificity.

HSA (Error! Reference source not
found.b): SHAP analysis revealed "CC(C)
(C)CCS" as the most impactful feature. This
fragment aligns with HSA's known affinity
for hydrophobic and bulky molecular groups,
which are critical for its role as a drug carrier
protein. Additional significant features included
"ccececlCCI" and "CI1CSCI1," suggesting a
preference for aromatic and cyclic substructures.
These insights provide a molecular-level
understanding of the interactions influencing the
binding of small molecules to HSA.

sEH (Error! Reference source not
found.c): the SHAP summary plot demonstrated
that the fragment "CC(C)(C)CCS" had the largest
average impact on model predictions, followed
by "ccccclCCIl" and "C=C(C)C(CC)." These
features are consistent with known hydrophobic
binding pockets in sEH, highlighting the model's
ability to identify molecular characteristics
critical for binding affinity. Notably, the sEH
model exhibited a larger range of SHAP values
than the other targets, reflecting a higher
sensitivity to specific molecular fragments.

The SHAP analysis across all three targets
highlights the models’ reliance on chemically
meaningful features, providing interpretability
and transparency in their predictions. These
findings not only enhance confidence in the
models but also offer valuable insights for the
rational design of small molecules with desired
binding properties. Future efforts could involve
leveraging these SHAP-derived insights for
feature engineering or guiding experimental
further  refine

validation  to predictive

performance.
6. DISCUSSION

This study demonstrates the potential and
challenges of ML in molecular binding
prediction. The XGBoost models achieved high
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performance on training and validation datasets,
particularly for sEH, which benefited from its
consistent molecular binding patterns. However,
BRD4 and HSA presented unique challenges due
to more diverse binding chemistries, resulting in
slightly lower scores. SHAP analysis revealed
chemically meaningful features, providing
valuable insights into the molecular determinants
of binding and guiding potential drug design
efforts. The evaluation of the BELKA test
dataset highlights a notable performance drop,
with public and private test scores of 0.2042
and 0.1843, respectively. This gap underscores
the inherent difficulty of generalizing predictive
models to unseen data in large, diverse chemical
spaces. It also highlights the importance
of robust feature selection, additional data
augmentation, and more generalized learning
methods to bridge the gap between validation
and test performance. Hence, in our future work,
we would like to investigate the influence of
more feature selection, dimensional reduction
and data augmentation techniques.

While tree-based models like XGBoost
are interpretable and effective for structured data,
the reliance on binary binding labels rather than
continuous affinity scores limits their ability to
capture nuanced interactions. Future work could
integrate graph-based molecular representations
or hybrid approaches combining DL with
traditional ML to improve prediction accuracy
Additionally,
leveraging semi-supervised learning or transfer

and generalizability.!%17383

learning could further enhance model robustness

in unseen data scenarios.’*>°

7. CONCLUSION

This study highlights the potential of machine
learning to revolutionize drug discovery by
predicting small molecule binding affinities
with high efficiency. Using the BELKA dataset,
we demonstrated the capability of XGBoost
models to achieve strong predictive performance
while providing interpretability through SHAP
analysis. However, challenges in generalization,
particularly on unseen test datasets, reveal

https://doi.org/10.52111/qn;js.2025.19110

areas for methodological improvement. By
combining robust predictive capabilities with
interpretable outputs, this work advances
computational approaches for drug discovery,
enabling more efficient exploration of chemical
space and paving the way for identifying novel
therapeutics.
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