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Abstract: Culture and entrepreneurship are complex and interrelated social concepts. The paper aims to
determine the importance of national culture for entrepreneurship progress in the Eastern Partnership (EaP) region. The
article focuses on a meta-analysis of the inputs integrated into a European Union Policy Index. It aimed to underline the
nature of specific interrelation mechanisms of the cultural dimensions that could contribute to developing a performant
entrepreneurial environment. The correlation analysis used in the paper detects the most “sensitive” pairs of variables
related to national culture and entrepreneurship activities. Results show a highly significant relationship between the
Motivation Towards Achievement and Success index and a large part of the dimensions of the sustainable entrepreneurial
development of EaP countries, especially Internationalization and Support Services for Small and Medium Enterprises
SMEs and start-ups. Another significant relationship is between Individualism and the Development of Entrepreneurial
Activities in the analyzed countries.

Keywords: cultural dimensions, business progress, advancement of enterprising activities,
Eastern Partnership countries, correlation analysis, economic well-being.

INTRODUCTION entrepreneurship. EU and six neighboring

In its general acceptance as an attitudinal and countr.ies, Armenia, .Azerbaijan, Belarus,
productive factor, entrepreneurship is widely Georgla, the Republic of Moldoya, and
believed to contribute to the economic  Ukraine, created the Eastern Partnership (EaP),
development and prosperity of communities, a joint initiative that aims to help the economies
regions, and countries (Ordefana et al., 2020). As of Fhese countries become more inclusive and
Anderson et al. stated (Anderson, 2000), resilient to Sh_OCkS- ‘ .

entrepreneurship and entrepreneurial Sustainable entreprep§ursh1p, Wthh
performance are a product of  the successfully merges traditional business
businessperson and the context, the social and ~ objectives with environmental and social

economic circumstances in which they perform. cpn;iderations, is becoming. increasingly
significant globally. In the specific context of

Eastern Partnership (EaP) countries, fostering
sustainable entrepreneurship presents a variety
of noteworthy benefits that are integral to
economic and social development.

Promoting sustainable entrepreneurship
can be crucial in effectively addressing pressing
environmental  challenges. Encouraging
businesses to adopt eco-friendly practices
creates opportunities for innovation and the
development of new markets, ultimately

Public policies pursue ambitious
initiatives to help SMEs (small- and medium-
sized firms) innovate and create jobs, benefit
from digitalization, and become global leaders
in sustainable practices (Ahadi and Kasraie,
2020, Gawel and Minska-Struzik, 2023, Jha et
al., 2018, Nica, 2021).

The European Union (EU) regards
successful  entrepreneurial  activity  as
strategically essential for economic well-being.
Therefore, the EU aims to streamline SMEs
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yielding significant economic benefits. This
dual focus helps mitigate environmental
degradation and supports sustainable economic
opportunities for local communities.

A strong emphasis on sustainable
practices can improve resource efficiency and
enhance small and medium-sized enterprises
(SMEs) competitiveness. By optimizing their
use of resources and implementing sustainable
business models, these enterprises can reduce
operational costs, thereby improving their
overall financial performance in a competitive
marketplace.

A proper alignment with European
Union sustainability standards can serve as a
critical stepping stone for EaP countries,
potentially easing the pathway to future
integration with the EU. By adopting these
standards, businesses in the region enhance
their credibility and demonstrate a commitment
to sustainability, which can positively influence
trade relations and investment opportunities.

Promoting sustainable entrepreneurship
will likely attract impact investors and increase
access to green finance. As the demand for
socially and environmentally responsible
investment  grows,  firms  prioritizing
sustainability may find it easier to secure
funding, allowing further growth and
innovation.

So, future research should delve into the
influence of cultural factors on adopting
sustainable entrepreneurship practices in the
EaP region. Understanding these dynamics will
be essential for tailoring approaches
encouraging widespread acceptance and
implementation of sustainable business models,
ultimately contributing to the region's long-
term economic and environmental resilience.

The literature review in the field
determined us to settle the paper's aims. The
first one seeks to evaluate the importance of
national culture for sustainable
entrepreneurship development in the Eastern
Partnership region, organized around the SBA
(Small Business Act) principles.

The second objective was to settle the
importance  of  national  culture  for
entrepreneurship durable expansion in the
Eastern Partnership region, organized around
the SBA principles. The SBA assessment is a

key tool for improving the businesses in EaP
countries and strengthening institutions and
good governance (OECD et al., 2020).

Considering the data from the literature
analysis, we hypothesize that certain
dimensions of national culture influence
particular  dimensions of entrepreneurial
expansion in Eastern Partnership countries.
Hence, we formulated the following
assumptions, which underwent testing in the
paper:

HI: The cultural dimension of
Hofstede’s model, known as Motivation
Towards Achievement and Success (formerly
the dimension of masculinity), impacts The
Advancement of Entrepreneurial Activity.

H2: As a cultural dimension in
Hofstede’s model, Individualism impacts The
Advancement of Entrepreneurial Activity.

The Hofsted's specific elements in this
study are derived from analyzing the national
cultural background. The aim was to understand
influential behaviors and values better. Such
aspects provide a useful framework for
understanding  cultural  differences and
facilitating intercultural interactions, especially
in business.

MATERIALS AND METHODS

Method

This study analyzed the results of applying
Hofstede's  cultural  dimensions  model
statistically. The method consists of a

theoretical framework developed by researcher
Geert Hofstede that helps understand cultural
differences between nations and groups.
Hofstede conducted extensive research in
several countries, analyzing human behaviors
in the context of cultural diversity. The pattern
is based on the identification of six cultural
dimensions, which are characteristics that
describe fundamental differences between
national cultures. It can be used to better
understand the dynamics of international
interactions, as in business media, and to
explain behavioral divergences between
individuals or groups from different cultures.

Materials
The statistics evaluated were integrated into the
SME Policy Index: Eastern Partner Countries
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material in 2020. The Hofstede (six) data
express culturally motivated attitudes and
social reaction patterns, which can be attributed
to country inhabitants or territories. Our data,
Hofstede’s six cultural dimension matrix
(HOF-6) is of 6 x 6 size, reflecting the countries
Armenia, Azerbaijan, Belarus, Georgia, the
Republic of Moldova, and Ukraine, and the
equivalent Hofstede scale, Table 1. The
Hofstede data was chosen because it covers a
longer period and exists for most European
countries.

Table 1 Cultural dimensions according to

Hofstede
Cultural dimensions Abbrev. Oper? flonal
definitions
The degree to which the
less powerful in society
Power distance POW expect and accept
unequal power
distribution.
Individualized
responsibility and
problem-solving  vs.
more collective
Individualism/Collectivism IND variants. The former

leans towards egoism,
while the latter borders
on unconditional group
loyalty.

A high score (Decisive)
on this dimension
indicates that society
will be driven by
competition,
achievement, and
success, with success
being defined by the
winner / best in the
field. A Consensus-
oriented society is one
where quality of life is
the sign of success, and
standing out from the
crowd is not admirable.
Expresses a degree of
risk aversion.

LTO values future
payoffs, planning, and
patience; STO values
LTO fast payofts, possibly in
response  to  social
uncertainty or
instability.

Indulgence allows for
the gratification of
basic, natural human
drives of, i.e., enjoying
life and having fun.”
Restraint” applies strict
social norms instead.

Note: All values are within [0-100]. Abbreviations
introduced in column two are used later in our data
analysis.

Motivation towards
achievement and success
(Masculinity/Femininity)

MAS

Uncertainty Avoidance UNC

Long Time vs. Short Time
Orientation

Indulgence vs. Restraint IDL

Source: interpreted after
https://www.hofstede-insights.com/country-
comparison-tool

The other data matrix we confront is the 6
x 12-twelve SME Policy Index for EaP
dimensions matrix (SME EaP-12), which has
analog complex entrepreneurial activity
indicators described in Table 2.

Table 2 The detailed SME assessment
framework and its links to the Small Business

Act  Principles-Statistical ~dimensions for
assessment of sustained cxXpansion
SME  Policy
SBA principle | Abbrev. | Index Related  sub-
. . dimensions
dimension
1. Create an
environment in
which Entrepreneurial | Entrepreneurial
entrepreneurs learning  and | learning;
and family ENT women’s Women’s
businesses can entrepreneurshi | entrepreneurshi
thrive and p p
entrepreneurshi
p is rewarded.
2. Ensure that Preventive
honest measures;
entrepreneurs Bankruptcy and | Survival  and
who have faced SEC Second Chance | bankruptcy
Bankruptcy for SMEs procedures;
quickly get a Promoting
second chance. second chance
Institutional
framework;
3. Design rules Institutional Legislative and
according to the and regulatory ré‘:gulgtory-
o TSF simplification
think - §mall framework for and application;
first” principle. SME policy Public-private
consultations
(PPCs)
E-government
services;
Business
4. Make public . licences  and
administration Ope.ratlonal permits;
. RES environment for
responsive  to SMEs Cor_npany
SME:s. registration;
Tax compliance
procedures for
SMEs
SME  support
services
provided by the
Support government;
. services for | Government
S Adapt public PPNa. SMESs and start- | initiatives
policy tools to ups stimulatin;
SME needs. P . g
private business
development
services
PPN b. Public Public
procurement procurement
6. Facilitate Legal and
SME access to Access to regulatory
finance and framework;
FIN finance for .
develop a legal SMEs Bank financing;
framework and Non-bank
business financing;
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environment Venture capital;
supportive  of Financial
timely literacy
payments in
commercial
transactions.
Overall
coordination
and general
7. Help SMEs measures to
benefit  more adopt EU
from the Stand?lrds and | product
opportunities SIMA techmc-al standarfis and
the Single regulations regulatlgns; .
Market offers. Approximation
with the EU
Acquis; SMEs
Access to
Standardisation
INNO a. SME:s skills SMEs skills
Policy
framework for
innovation;
Government
support
8. Promote the ?erces for
upgrading  of innovative
skills and all ) SMEs;
forms of | INNOb. Innovation Government
innovation. financial
support for
innovative
SMEs; Non-
technological
innovation and
diffusion of
innovation
9. Enable SMEs Environmental
to turn ) Pohcle?s;
environmental ENV SMEs in a ‘Incentlves and
challenges into green economy 1nstmments for
opportunities. greening SMEs
operations
Export
promotion;
Integration of
10. Encourage .
and  support ZII:J/IIiSl V;?l;(e)
SMEs to INT Internationalisa chains: OECD
benefit  from tion of SMEs Trade >
growth e
markets. FaC}lltatlon
Indicators;
SME use of e-
commerce

Note: Abbreviations from column two are the short
names used later in our data analysis, and column
Source: (OECD et al., 2020).

The independent variable of national
culture was seclected due to its constant
evolution. The conceptual content of these
dimensions was derived from Hofstede’s works
and those of his collaborators (Hofstede et al.,
2012, Hofstede et al., 2004). The values for
these dimensions were obtained from
https://www.hofstede-
insights.com/fi/product/compare-countries.
The numerical values of this variable were
converted into categorical variables based on

Sturges H’s model for all six cultural
dimensions.

The dependent variable, generically
called The Advancement of Entrepreneurial
Activity of EaP countries, is represented by the
SME Policy Index for EaP, the unique multi-
criteria benchmarking tool, representing a key
tool for the progress of the business
environment and SMEs in the EaP region. It is
calculated based on SBA principles and
contains dependent random variables because
they do not satisfy a mathematical property of
probabilistic independence. The indicator's
calculation method and data collection are set
by SME Policy Index (OECD et al., 2020).
These variables are categorical and obtained
through qualitative analysis using indicators
and methods starting from applying
questionnaires, focus groups, and statistical
analysis data (Agresti, 2012, Ataei et al., 2020).

The current study’s objectives were met
by applying multivariate analysis to ascertain
correlations of two categorical data sets,
following the Spearman and Kendal techniques
as non-parametric alternatives to Pearson’s
correlation. The reduction of detailed
measurements into ordinal numbers enabled the
evaluation of complex data based on specific
criteria. Analysis of ranked (categorical) data
typically mandates the employment of non-
parametric statistics (Tofallis et al., 2022). They
allow the identification of simultaneous
correlation relations between two or even more
matrices (Chen et al., 2021) with different
features (columns).

The research approach initially
considered was designed based on the four
possible situations: a strong direct possible
association between the data, an indirect link
between them, none possible, or one of
uncertainty that needed a deeper consideration
at the level of subsidiary components.
Spearman and Kendal’s correlations follow
curvilinear, monotonic relationships for ordinal
(categorical) data.

RESULTS AND DISCUSSIONS

From the Spearman and Kendal correlation
analysis, for Hofstede’s six cultural dimensions
and the twelve dimensions of the advancement
of entrepreneurial activity, through the SME
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Policy Index for Eastern Partner Countries
(EaP), it emerges that certain cultural
dimensions evolve in the same sense and
direction as dimensions of entrepreneurial
progress so that only an absence of correlation
was identified, that between Power distance (1)
and each dimension of entrepreneurial progress.
The most "sensitive” pairs of variables related
to the culture and entrepreneurial activity
advance of EaP countries can be seen in Tables
3 and 4.

Table 3 Most influential seven absolute
correlations from HOF-6 vs. SME EaP-12 for
Correlation Analysis (CA)

SME Policy
No Hofstede-6 Index for _value
: dimension EaP-12 p

dimension

Linear
correlation
coefficients

from CA'

Motivation

Towards Int tionali
1 Achievement And nternationa 1z 0.02

ation-INT (9)
Success/

Masculinity (3)

+0.878

Institutional
and regulatory
2 framework for 0.04
SME policy-

TSF (1)

-0.828

3 Internationaliz 0.04

ation-INT (9) -0.828

Support
services for
SMEs and
start-ups
4 (Business 0.04
development
services-
BDS)-PPNa.
(10)

Individualism (2)

-0.828

Support
services for
SMEs and

start-ups
(Business 0.13
development

services-
BDS)-PPNa.

(10)

Motivation
Towards
5 Achievement And
Success/Masculin
ity (3)

+0.683

Access to
finance for 0.25
SMEs-FIN (6)

Long term

orientation (5) -0.555

Support
services for
SMEs and

start-ups
(Business 0.25
development

services-
BDS)-PPNa.

(10)

Long term

orientation (5) -0.555

Source: Author’s computation.

! Correlation coefficients according to Spearman

Table 4 Most influential seven absolute
correlations from HOF-6 vs. SME EaP-12 for
Correlation Analysis (CA)

. Linear
Hofstede - 6 SME Policy Index p- correlation
No. . . for EaP-12 .
dimension dimension value| coefficients
from CA?
Motivation
Towards
Achievement Internationalization-
. +0.
! And Success/ INT (9) 0.05 0.775
Masculinity
3)
Institutional and
regulatory )
2 framework for SME 0.06 0.730
policy-TSF (1)
Internationalization-
3 | Individualism INT (9) 0.06  -0.730
2) Support services for
SMEs and start-ups
4 (Business 0.06|  -0.730
development
services-BDS)-
PPNa. (10)
Support services for
SMEs and start-ups
5 (Business 0.13|  +0.602
. development
Motivation .
T ) services-BDS)-
owards PPNa. (10)
Achievement —
Institutional and
And Success/ regulatory
6 Mas;:;limlty framework for SME 0.28 +0.430
policy-TSF (1)
SMEs in a green
7 economy (Green 0.28 -0.430
economy)-ENV (12)

Source: Author’s computation.

The cultural dimension identified by
Hofstede, Motivation Towards Achievement
and Success/Masculinity, is the most sensitive
to the entrepreneurial activities improvement at
the level of the EaP countries. From the data
analysis, we can say that this cultural dimension
positively influences a large part of the
dimensions of the entrepreneurial activities
durable expansion in the analyzed countries:
The Institutional and Regulatory Framework
for SME Policy Development, The Business
Environment, The Competencies of SMEs,
Access to finance, Public Procurement,
Internationalisation, Business Development
Services, Innovation Policy. But, at the same
time, it negatively impacts other dimensions of
entrepreneurial failures, such as Bankruptcy
and Second Chance, Standards and
Regulations, and the Green Economy. It is
relatively statistically significant, with values
close to p-values equal to 0.05, Tables 3 and 4.

? Correlation coefficients according to Kendall
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The more the EaP countries have a
larger number of potential entrepreneurs
characterized by a more pronounced
masculinity, the higher they will succeed in
penetrating the international market (Shneor et
al., 2017), while at the same time increasing the
profitability of internationalized firms (Gaganis
et al., 2019). The Eastern Partnership countries
are less oriented towards achievement and
success (in particular: Belarus, Ukraine, and
Moldova), less competitive and sensitive to
material rewards or financial efficiency, and
therefore less concerned with developing
international partnership relations.

Adapting public policy instruments to
the needs of SMEs through Business
Development Services (BDS) is an element of
progress in entrepreneurial activities that is
sensitive in the context of our research. In the
case of most EaP countries, with a low
Motivation — Towards  Achievement  and
Success/Masculinity, adapting public policies
to the needs of the business environment has no
chance of developing positively in the given
cultural context. Public institutions are mainly
incentives for economic activity, but in
societies where the masculinity index is
reduced, they discourage entrepreneurship;
people are less ambitious and daring and do not
support the action with current measures. On
the other hand, the entrepreneurship approach is
less in societies oriented toward the cultural
dimension of femininity (Celikkol et al., 2019,
Huggins and Thompson, 2012).

The relationship between Motivation
Towards Achievement and Success/Masculinity
and SMEs in a green economy (Green
Economy) explains the relationship in the
opposite direction. Countries with a cultural
orientation towards feminism (such as Belarus,
Moldova, and Ucraina) are more oriented
towards unpolluted resources and prefer
supporting SMEs to turn environmental
challenges into opportunities (Pelau and Pop,
2018). This cultural trait may predispose these
societies to more readily embrace sustainable
business practices and green policies. Thus,
environmental  policies, incentives, and
operational tools for greening SMEs can be
better considered in these countries. The Green
Economy dimension assesses how well

countries support SMEs adopting sustainable
practices and technologies. Such vision
includes policies promoting energy efficiency,
adopting renewable energy, reducing waste,
and eco-innovation among small businesses.
Improving performance in this area is crucial
for long-term economic resilience and
environmental sustainability in the EaP region.

In conclusion, the Motivation Towards
Achievement and Success, as a cultural
dimension of Hofstede’s model, influences the
advancement of entrepreneurial activity,
especially about the dimensions of
Internationalization and Support Services for
SMEs and start-ups (Business Development
Services), thus confirming the study's first
hypothesis.

Considering the results obtained it
would be advisable to create an enabling
environment that encourages motivation to
achieve and succeed, to stimulate the progress
of entrepreneurial activity in terms of
internationalization and development of SMEs
and start-ups. Such a goal could be obtained by
combining  financial,  educational, and
technological support, developing international
partnerships and an environment in which risks
are strategically managed. Thus, entrepreneurs
will be motivated to build successful businesses
and expand them into global markets.

The cultural dimension of
Individualism identified by Hofstede is
sensitive to the forward movement of
entrepreneurial activities at the level of the EaP
countries. It is relatively statistically
significant, with values close to p-values of
0.05, as shown in Tables 3 and 4. It interacts in
the opposite direction with each dimension of
entrepreneurial progress, except for certain
dimensions, namely Bankruptcy and Second
Chances, and Green Economy. Individualism
does not negatively affect these dimensions of
entrepreneurial feasible evolution, i.e., they
move in the same direction.

When analyzing the correlation
between the cultural dimension of
Individualism and the dimension of the
Institutional and Regulatory Framework for the
Development of SME Policies, a statistically
significant high-confidence correlation is
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observed, which shows that the increase of the
first causes the second decrease.

The dimensions of entrepreneurial
progression strongly negatively affected by the
growth of Individualism are
Internationalisation and Business Development
Services. The Spearman correlation shows that
the more the cultural dimension of
Individualism increases, the more the
dimension of entrepreneurial advancement
Internationalisation decreases. The data have a
highly reliable and statistically significant
correlation. All these aspects related to
Individualism confirm the second hypothesis
from which the research started.

Accepting the last assumption could
give  policymakers the direction for
encouraging and supporting an entrepreneurial
culture that promotes personal autonomy,
individual initiative, and responsibility. In
societies with a strong emphasis on
individualism, entrepreneurs are  often
motivated by the desire to build their businesses
and pursue their dreams. In such conditions it is
essential to support personal initiative and the
desire for individual success, but also to provide
concrete  support through policies and
instruments  that support entrepreneurial
autonomy, encourage personal responsibility,
and facilitate access to strategic resources.
Ensuring such conditions will motivate
entrepreneurs to follow their vision and build
sustainable and innovative businesses.

Given all these research results, it is
considered appropriate to mention that the
opposite of Individualism is Collectivism and
that all the countries analyzed have a specific
common collectivist history. The results of the
research carried out are, to some extent,
confirmed by the literature in this area. Some
authors (Autio et al., 2013, Wennberg et al., 2013)
propose that Collectivism can be detrimental to
business entry, but it promotes business growth
in the case of emerging economies. Pinillos and
Reyes show that a collectivist culture tends to
increase entrepreneurial behavior in countries
with emerging economies (Pinillos and Reyes,
2011). At the level of individual firms, a
stronger association between innovation and
growth can be observed in collectivist cultures
(Cacciotti and Hayton, 2017).

The countries considered in this study
are in a period of transition and development,
and their economic, educational, and
technological development situation varies
significantly. High-tech integration is an area of
rapid growth, but there are still large disparities
between countries. While Ukraine and Armenia
have made significant progress in IT and
education, Moldova and Belarus face greater
challenges. Azerbaijan and Georgia are on track
to rapidly diversify and modernize their
technology sectors.

CONCLUSIONS, LIMITATIONS AND
FUTURE PERSPECTIVES

The first limitation of the study is the
consideration of the relationship between
culture and entrepreneurial performance of the
emerging countries analyzed without including
data sets covering complementary variables
such as GDP, education levels, and technology
adoption. This holistic approach could
represent the starting point for a new research
perspective. Another constraint of this research
was the limited data available on the countries

of EaP paternity.
Results may also be checked against
adding cultural dimensions other than

Hofstede’s. The statistical analysis highlights
certain common aspects of the six EaP
countries, taken into research, namely that
certain cultural traits statistically significantly
impact certain entrepreneurial dimensions. Of
course, on a broader look, these cultural
dimensions probably do not represent a
characteristic of this country in particular. They
are elements that generally affect certain
aspects of durable entrepreneurial
improvement. The specificity of the research is
that it highlighted that these influences are
statistically significant.

As improving market access and
internationalization represented the weak
bridges in the past, gradually improved from the
analysis of the evolution of entrepreneurial
advances in these countries, can be seen. Still,
the current research shows us some levers
contributing to this breaking and certain
cultural dimensions.

In the case of Individualism, it is not
considered a bad or good dimension but only an
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excess of a certain social/cultural trait
dimension that can boost or even inhibit the
development of entrepreneurship in a certain
direction. For this reason, it is considered that
observing these aspects, they can be rebalanced
by civil societies in the six EaP countries. It is
believed that for entrepreneurial progress in
EaP countries, a vital factor is the education of
young people, continuous training in the field,
and the promotion of good practices inspired by
the experience of other cultures.

Integrating sustainability principles
will be crucial as EaP countries continue to
develop their entrepreneurial ecosystems.
Policymakers should consider how cultural
factors might influence adopting sustainable
practices and tailor their approaches
accordingly.

Given Hofstede’s aim to contribute to
understanding cultural differences between
nations, the present study considered countries
with great aesthetic, religious, and political
diversity. However, they share a common
history, with geopolitical conflicts of recent
decades, which makes the region dynamic and
complex in terms of international relations.

Religious differences profoundly
influence  relationships among  Eastern
Partnership countries, often intertwining with
existing political and social divides. A salient
example can be observed in Georgia, where the
Orthodox Church exerts significant influence
over both the political and cultural landscape.
This institution has actively opposed European
Union-supported anti-discrimination
initiatives, thereby generating tensions that
complicate Georgian aspirations for EU
integration and alignment with Western
democratic values (Rahimov, 2024).

Similarly, in Ukraine, the government has
strategically utilized the establishment of an
independent Orthodox Church, enhancing the
societal sway of religious institutions while
simultaneously fostering a climate of increased
intolerance toward religious minorities (United
2023). The resurgence of religious identity in
the post-Soviet context further complicates the
inter-country relationships within the region.
Most of the population in various Eastern
Partnership countries now identifies with a
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religion, predominantly Orthodox Christianity
or Roman Catholicism.

This revival of religious affiliation has
contributed to more conservative social
attitudes,  particularly = among  younger
generations in Central and Eastern Europe.
These individuals exhibit lower levels of
acceptance towards Muslims, Jews, same-sex
marriage, and legal abortion compared to their
peers in Western Europe. The resulting
religiously-based social perspectives can
significantly hinder regional cooperation and
alignment with European Union values, thereby
straining  relationships  between  more
progressive and conservative EaP nations.

Recent internal conflicts and external
influences can rapidly alter cultural and social
dynamics. Hofstede's dimensions are built on
general trends but do not consider in detail how
national identities evolve in different contexts,
where regions and ethnic groups may have very
different visions. Its research bases consisted of
a relatively small sample, relying mainly on
employees of an international organization.
Based on this consideration, it could be said that
his results apply primarily to the business
environment and may not fully reflect the
cultural variability of the entire population of a
country. When religious and national traditions
play a significant role in daily life, applying
Hofstede's dimensions may ignore important
aspects of social or political behavior.

A study of Hofstede's cultural
dimensions applied to the countries mentioned
in this study can provide a general view of
cultural differences but must be used
cautiously. It is essential to consider each
country's political, historical, geographical, and
religious context and recent developments that
may significantly influence learned values and
attitudes.

Future research will consider the
expansion of the investigation context on other
influencing factors on entrepreneurship, such as
well-being, GDP, the level of education, degree
of digitization and computerization, etc., but
also on some comparative analyses with other
European countries. Another future direction of
research could be one oriented toward the role
of  organizational culture in shaping
entrepreneurial orientations.
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Using Hofstede's dimensions can be
useful for understanding differences and
similarities between cultures, especially if the
study is conducted with an updated framework
that considers current socio-economic and
political realities. These could provide
important insights for managing diversity in
business environments, in education, and in the
context of international relations, but must be
conducted with attention to the complexity and
rapid changes in different regions of the world.
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Abstract: The presence of particulate matter, along with other specific air pollutants, significantly contributes to the
degradation of air quality outdoors and indoors. High concentrations of PM in indoor educational spaces influence
students' health and daily performance. This study presents the results of daily monitoring of PM1, PM2.5, and PM10
concentrations carried out between May 9 and May 15, 2024, at 8:00, 10:00, 12:00, 14:00, and 16:00 in various indoor
environments of the M University Complex at "Aurel Vlaicu" University of Arad, including two corridors, two student
laboratories, and an auditorium, as well as in the outdoor environment. For indoor environment, the findings indicated
relatively low levels of particulate matter, suggesting good air quality for student health with average PM1 concentrations
ranged from 2 pg/m3 to 6 pg/ms3, PM2.5 from 4 pg/m2 to 11 pg/m2, and PM10 from 5 pg/m? to 14 pg/mé.

Keywords: particulate matter, indoor air, outdoor environments, pollutants source, air quality

INTRODUCTION respiratory, and pulmonary diseases (Abdel-

Air pollution has long been a Salam, 2022; Mulia et al., 2020; Sadrizadeh et
significant concern, not only due to its al., 2022) or even affect the endocrine system
environmental impact but also because of its by increasing the production of stress
effects on human health. In addition to hormones, thus affecting the hypothalamic-
monitoring outdoor air quality (atmospheric pituitary-ovarian axis and menstrual function
air), indoor air quality (IAQ) requires (Giorgis-Allemand et al., 2020; Wronka and
particular  attention, as people spend Klis, 2022). Recent studies pay special
approximately 70-80% of their time in attention to young people, such as pupils and
enclosed spaces, where the potential for students, who participate in educational
exposure to indoor pollutants is high activities (Fang et al., 2023; Kanama et al.,
(Kozielska et al., 2020). According to the 2023; Mulia et al., 2020; Ongwandee et al.,
World Health Organization (WHO), indoor air 2024; Sadrizadeh et al., 2022). These
pollution is the principal cause of Sick individuals spend approximately 30% of their
Building Syndrome (SBS) associated with day at school and 70% of their time indoors
pulmonary and respiratory deficiencies (e.g., classrooms, auditoriums, laboratories,
(Mansor et al., 2024). In situations involving etc.) (Zhu et al., 2021). Young people are more
non-compliant ventilation systems, inadequate vulnerable to poor IAQ than adults due to their
room ventilation, and the presence of various immature organs, lower pulmonary capacity,
indoor pollution sources (e.g., furniture, and higher breathing rates associated with
smoking, carpets, cleaning agents, hygiene physical activity (Font-Ribera et al., 2022).
products, construction materials, and heating Poor 1AQ can negatively affect their academic
systems), pollutants can accumulate in high performance and daily behavior (Fang et al.,
concentrations potentially causing adverse 2023; Grineski et al., 2019). Therefore,
effects on human health (Coggins et al., 2024; ensuring a valuable 1AQ in educational spaces
Tran et al., 2020; Yasmin et al., 2024). Many is of great importance. It is demonstrated that,
studies have shown that indoor air pollution together with other specific air pollutants (i.e.,

can lead to cardiovascular, ocular, olfactory, CO, CO2, SOz, NOx, HCOH, VOCs, etc.),
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particulate matter (PM) stands out for its
negative contribution to air quality. These
suspended airborne particles can have different
sizes, showing different behaviour. The
particulate matter resulting from natural
sources have diameters between 1um (PM1)
and 10 um (PM10) and contain dust, sea salts
and bioaerosols etc., while those resulting from
anthropogenic activities (e.g. fuel combustion,
transport, construction, smoking, cooking,
agriculture, industry, etc.) vary between 0.1um
(PMO0.1) and 2.5 um (PM2.5) and contain
compounds such as sulphates, ammonium
nitrates, elemental carbon, metals and heavy
metals, organic structures, etc. (Fromme et al.,
2008; Mansor et al., 2024; Tang and Pfrang,
2023).

According to Son et al. (Son, 2023),
inadequate ventilation is the main factor
contributing to high PM levels in enclosed
spaces destined for educational activities. In
schools, the reliance on natural ventilation
facilitates the transport of pollutants from the
outdoors into the indoor environment,
especially in classrooms (Diapouli et al., 2008;
Zhu et al., 2021). Rovelli et al. reported poor
IAQ in classrooms in northern Italy due to high
concentrations of airborne particulate matter
(Rovelli et al., 2014). Recent studies indicate
that among the various air pollutants found in
classrooms, fine particulate matter with a
diameter of 2.5 pm (PM2.5) poses a significant
threat to the health of students (Kim et al.,
2015; Ongwandee et al., 2024; Sadrizadeh et
al., 2022; Son, 2023; Zhu et al., 2021).

Inside classrooms and university
auditoriums, high values of PM2.5 and PM10
are caused by various factors such as indoor
activities, use of chalk and other teaching
materials, deterioration of building materials,
emissions of small particles from furniture,
heating systems, resuspension (due to the
movement of students from one place to
another) of material particles deposited in the
dust form, air flow from outside, etc. (Dorizas
etal., 2014; Elbayoumi et al., 2014; Fromme et
al., 2008; Guo et al., 2010). These particles can
easily penetrate the respiratory system,
favoring the development of pulmonary
diseases (Wichmann et al., 2010). They can
also favor ocular and olfactory dysfunctions
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(Sadrizadeh et al., 2022; Son, 2023) or
exacerbate the symptoms of atopic dermatitis
(Kim et al., 2015).

Monitoring the IAQ and PM values of
indoor educational spaces has become
necessary to ensure healthy conditions for
developing activities.

The purpose of this study is to measure
PM1, PM25 and PM10 concentrations
(ug/m®) in different indoor and outdoor
environment at "Aurel Vlaicu" University of
Arad, Romania (University Complex M.) and
estimate the air quality in educational spaces.

MATERIALS AND METHODS

PM1, PM25, and PM10 concentration
measurements were carried out in five indoor
locations at the M. University Complex of
"Aurel Vlaicu™ University of Arad (2 E. Dragoi
Str.) and outside this location. The sampling
locations are as follows:

L1- outdoor environment of University
Complex M

L2 - building access corridor located on the
ground floor with a direct opening to the
outside

L3 - 1% floor corridor, ventilation through
windows

L4 - Chemistry-Physics laboratory located at
1% floor, with ventilation through windows

L5 - Environmental Protection laboratory,
located at 1% floor, with ventilation through
windows

L6 - "Dimitrie Camenitd" auditorium located
on the ground floor, with a ventilation system
in the room's upper part (ceiling).

The particulate matter concentrations
were carried out using the professional air
analyzer Dienmern DM 106 (Shenzhen
Dienmern Testing Technology Co., Ltd.,
Guangdong, China) with a detection limit of 1
ug/m3, during the May 9 — May 15, 2024,
period, between 8:00-16:00 (sampling times:
8:00, 10:00, 12:00, 14:00, 16:00). The used
analyzer had a built-in laser dust counter, dust
sensor and time/date indicator, being able to
measure PM1, PM2.5, PM10, HCHO, TVOC
concentrations, air temperature as well as air
humidity. The sample was taken at a height of
approximately 1.5 meters above the ground or



floor. For each measurement, a time of ~10
min. was allocated in order to stabilize the
displayed values. Microsoft Excel was used for
the graphic representation.

RESULTS AND DISCUSSIONS

The analysis of the experimental data obtained
involved the interpretation of the average PM
concentrations from each sampling location at
different monitored times. The average
concentration values (ug/m®) for particulate
matter PM1, PM2.5, and PM10 in the
monitored indoor locations are presented in
Fig.1, Fig.2, and Fig.3.

PM1
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Figure 1. Average values of PM1

concentrations (pg/m2) in the indoor locations
L2, L3, L4, L5, L6 (M. University Complex,
"Aurel Vlaicu™ University of Arad)
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Figure 2. Average values of PM25

concentrations (pg/m3) in the indoor locations
L2, L3, L4, L5, L6 M. University Complex,
"Aurel Vlaicu™ University of Arad)
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Figure 3. Average values of PMI10

concentrations (1g/m3) in the indoor locations
L2, L3, L4, L5, L6 (M. University Complex,
"Aurel Vlaicu" University of Arad)

From Fig. 1, Fig. 2, and Fig. 3. it can be
seen that the average concentration values
(ng/m?®) obtained for 5 days in the monitoring
interval time (times: 8:00, 10:00, 12:00, 14:00,
16:00) were the lowest for PM1 and the highest
for PM10 with the following sequence:

PM1 <PM2.5<PM10.

The data indicate that the values
obtained for all three types of particulate
matter (PM1, PM2.5, PM10) remain relatively
stable during the 8:00-16:00 time interval in
locations L4 and L5. In contrast, this trend is
not observed in locations L2 and L3, the two
corridors, where particulate matter
concentrations show significantly higher
fluctuations and elevated values than those
recorded in the L4 and L5 laboratories. These
variations are primarily attributed to the high
foot traffic in these areas and the influence of
air currents from outside, which can introduce
suspended particles from the external
environment. The elevated concentration
values in location L2, the main access hall
connecting the street to the M. University
Complex, can be explained by its daily use by
approximately 500-700 people on average.

In location L5, the average PM1
concentrations remained stable throughout the
monitored time interval, ranging between 2
ug/m® and 3 pg/m3. A similar pattern was
observed for PM25, with average
concentrations ranging from 4 pg/m?® up to 5
ug/me. Slightly higher but relatively consistent
values were recorded for PM10, ranging
between 5 pg/m?® and 6 pg/m? in location L5.



The average PM concentration values
observed in location L5 can be attributed to a
lower number of students (particularly on
Fridays and during the morning times of 8:00
to 10:00) as well as to the recent modernization
of this laboratory. The laboratory has been
equipped with new furniture, and the relatively
small number of chemical containers present
are stored under appropriate conditions. This
difference becomes much more visible when
the data from location L5 are compared with
those from location L4. Despite being on the
same floor and exposed to a similar daily
number of students, the average PM1, PM2.5,
and PM10 concentrations in L4 were higher
than in L5. This is likely attributable to L4
being furnished with older equipment, lacking
recent renovations, and improper storage of
chemicals.

In location L6 (the "Dimitrie
Camenita"  auditorium), high  average
concentrations of the three PM types and
significant daily fluctuations were observed.
Notably, the highest PM10 value across all
monitored locations during the entire period
was obtained here: 25 pug/m? on May 14, 2024,
at 14:00. The elevated PM concentrations in
this location can be attributed to the large
number of students using the auditorium, the
use of teaching materials such as the
chalkboard, and the construction materials
from the walls and ceiling which tend to
accumulate particles indoors in the absence of
proper ventilation.

A comparison of the average PM
concentrations shown in Fig. 1, Fig. 2, and Fig.
3 reveals that the highest values were recorded
in location L2 (ground floor access hall) at
14:00, followed by location L6 ("Dimitrie
Camenitd" auditorium) at 16:00 for all three
types of monitored particles.

Reported data on air quality in
classrooms and lecture halls indicate average
PM1 values of approximately 2-16 pg/mé,
PM2.5 values of approximately 5-24 pg/m3
and PM10 values of approximately 20-160
pg/m® (Sadrizadeh et al., 2022; Son, 2023;
Diapouli et al., 2008; Zhu et al., 2021).

Compared to the findings reported in
various scientific studies (Kim et al., 2015;
Ongwandee et al., 2024; Sadrizadeh et al.,
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2022; Son, 2023; Zhu et al., 2021), the average
PM1, PM2.5, and PM10 concentrations in the
indoor monitored locations at "Aurel Vlaicu"
University of Arad are considerably lower.
These results indicate excellent air quality and
a healthy environment within the educational
spaces of the M. University Complex. It is
mentioned that globally no mandatory
standards exist for PM2.5 and PM10
concentrations in indoor air. However, WHO
guidelines are most commonly used to assess
indoor air quality. These guidelines establish
reference values based on health impacts: for
PM2.5, an annual average of 10 pg/ms3 and a
maximum of 25 pg/m?3 for 24-hour exposure
are recommended, while for PM10, the
recommended values are 20 pg/md as an
annual average and 50 pg/mé for 24-hour
exposure
(https://www.who.int/publications/i/item/978
9240034228).

Fig.4. shows the average values of
PM1, PM25, and PM10 concentrations
obtained during the monitored period for the
outdoor environment ( L1 location) of the M
University Complex.

L1

3 H
I

Figure 4. Average PM concentration values
(1g/m3) obtained for the outdoor location L1
(M. University Complex, "Aurel Vlaicu"
University of Arad)

From Fig. 4, it can be seen that the
average concentrations obtained for PML1,
PM2.5, and PM10 in the L1 location from the
outdoor environment are considerably higher
than those obtained in indoor L2, L3, L4, L5,
and L6 (see Fig.1, Fig.2 and Fig.3) as expected.
For PM1, the values ranged from 14 pg/m3 to
21 pg/ms; for PM2.5, they ranged from 21



pg/m3 to 27 pg/ms3; and for PM10, the values
varied between 30 pg/ms3 and 41 pg/ms3. These
values do not exceed the limit values allowed
by the legislation in force according to which
"the concentrations of suspended particles with
a diameter of less than 10 microns in the
ambient air are evaluated by relating them to
the daily limit value, (50 pug/m?®), which must
not be exceeded more than 35 times/year and
the annual limit value, (45 pg/m3 for PM10 and
25 pg/m? for PM2.5)" (Law no 104/15.06.2011
on the quality of the surrounding air; Directive
no. 2008/50/CE of EP). A correlation can be
observed between the average concentration
values obtained in locations L1 and L2, which
supports the hypothesis that the outdoor air
quality also influences the air quality in the
indoor access hall.

CONCLUSIONS

From May 9 to May 15, 2024, concentrations
of PM1, PM2.5, and PM10 were monitored at
five indoor locations within the M University
Complex at "Aurel Vlaicu™ University of Arad,
including two corridors, two student
laboratories, and one auditorium, at 8:00,
10:00, 12:00, 14:00, and 16:00. The results
revealed relatively low levels of particulate
matter, indicating good air quality for student
health. Average PM1 concentrations ranged
from 2 ug/ms3 to 6 pg/ms3, PM2.5 from 4 pg/m3
to 11 pg/ms, and PM10 from 5 pg/m? to 14
pg/m3. The indoor particle concentrations were
lower than those recorded outdoors.

The indoor particulate matter (PM)
concentrations were significantly influenced
by the level of foot traffic and the number of
students occupying each space, as these factors
contribute to the resuspension of dust and
particles within the indoor environment.
Additionally, several other factors played a
notable role in shaping the measured
concentrations. The use of various teaching
materials during classes often generates fine
particulate matter. At the same time, old
furniture and outdated equipment may act as
sources of particle release over time, especially
if poorly maintained. The lack of recent
renovations further exacerbates this issue, as
aging infrastructure accumulates dust and
deterioration, releasing particles into the air.
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Improper chemical storage, particularly in
laboratory or storage spaces, can also
contribute to particulate matter levels through
chemical reactions or the volatilization of
certain compounds. Finally, outdoor air
currents entering through open windows,
doors, or ventilation systems can introduce

suspended particles from the external
environment, adding to indoor PM
concentrations. These combined factors

underscore the complexity of maintaining
optimal indoor air quality in educational
settings.
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Abstract: The main objective of the present study was to perform a general screening of surface water quality in
Jiu Valley mining rea. Surface waters were collected from West Jiu river and some of its tributaries (Caprisoara creek;
Baleia creek; Barbateni creek; Vacii Valley creek, Tusu creek,; Bulzu creek) to analyze several general physico-chemical
and some specific chemical quality parameters. The general physico-chemical parameters: pH, redox potential (ORP),
salinity, total dissolved solids (TDS), electrical conductivity (EC) and dissolved ions were analyzed.

The analyzed water samples had a neutral pH, with a relatively low content of dissolved salts, except for
Caprisoara creek. Based on their dissolved ions content, most of the analysed waters correspond to It quality class, which
reflect a very good ecological status. Because of the high content of sulphate, calcium and magnesium, water sampled
from Cdprisoara creek corresponds to V™" class (based on SO4% content), IV class (Ca?* level) and 111" (Mg?* concen-
tration) class, indicating a bad / low / moderate ecological status. The water quality degradation of Cdprisoara creek in
the investigated area may be associated with several anthropic activities identified in the area, but to confirm this sources
further investigations are needed.

Keywords: Jiu Valley, mining units, water quality.

INTRODUCTION (iii) contamination of soils and surface water
Degradation of surface water quality due  pasins and (iv) atmosphere pollution. The
to anthropogenic  activities (agriculture,  additional impacts are: reduced biodiversity,
industry, urbanization, deforestation, etc.) or  modifications of ecosystem functioning and
natural factors (soil erosion, meteorological  structure, modifications of soil stratigraphy
phenomenon-rain,  climate change, etc.)  (Almas et al. 2004; Jason, 2012).
represents a global problem (Munabi et al., The present study was performed in a
2009). Surface water pollution leads to  former mining area from Romania, namely in
equilibrium perturbation of the ecosystem and  the mining basin of Jiu Valley, where the largest
can have a negative impact on public health  coal deposit from Romania was exploited during
(Dalakoti et al., 2017). the XIX century. The extraction technologies
Mining industry represents one of the  ysed in the Jiu Valley were adapted to the
most important pollution sources of the  geological mining characteristics, being
environment, generating high amounts of waste  conditioned, first of all, by the thickness and
during ore extraction, processing, transport and  slope of the layer (Neagu et al., 2015). In 1840
deposition. It can have a major impact on the  the first surface operations began in the area, by
landscape, soil or surface and underground  the exploitation and coal processing within the
water quality, leading to aquatic and terrestrial ~ Vulcan, Petrosani and Petrila mines (Faur et al.,
ecosystems  degradation  (Fodor, 2006).  2017). Coal exploitation intensified over time in
Generally, the mining activities are associated  the area, so that at the beginning of the '90s there
with four major effects on the environment, as were 14 mine perimeters put into operation in
was mentioned by Rybicka (1996): (i) changes  the Jiu Valley. The coal production declined in
in hydrogeological system; (ii) hydrological ~ the area since 1996, when started the
modifications of soils and surface water flux; restructuring process (closure of some mining
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units), the decline accelerating after 2000 in the
area. Because of the lack of a visionary policy in
the energy sector, the future of coal exploitation
in Jiu Valley is uncertain (Faur et al., 2017).

Due to the intense mining activities
carried out in the area in the past, it is possible
that the environment is still facing a negative
impact caused by the discharge of improperly
treated wastewater, or by the hydrotechnical
activities performed for permanent or torrential
water courses regularization in interior or
exterior of the mining perimeter, or by the
leaching from the cool deposit (Almas et al.,
2004; Jason, 2012).

The main objective of the present study
was to perform a general screening of surface
water quality in Jiu Valley mining rea. Surface
waters were collected from West Jiu river and
some of its tributaries (Caprisoara creek; Baleia
creek; Barbateni creek; Vacii Valley creek; Tusu
creek; and Bulzu creek) to analyze several
general physico-chemical and some specific
chemical quality parameters.

STUDY AREA

The investigated area is located in
Hunedoara County, in the coal mining perimeter
of Jiu Valley, Petrosani depression. A total of
seven surface water samples were collected in
October 2020 (Fig. 1). The sampling points are
located on three territorial administrative units,
respectively: Uricani, Lupeni and Vulcan.

Uricani town is located in the north of Jiu

Valley, with Brazi Valley and Campu lui Neag
as component localities. Uricani town was part
of the Jiu Valley coal basin, located in its
western part and bounded by the former mining
perimeters from Barbateni (east) and Brazi
Valley (west), having an area of 1548.6 ha.
Currently, the Uricani mine is closed, as
remedial and reintegration activities have been
started in the natural landscape of the area
occupied by the constructions specific to the
activities of the past (Buliga, 2017).

Lupeni mining perimeter is located in
the central-western part of the Petrosani
depression, being adjacent to the east of the
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Vulcan mining perimeter and to the west of the
former Barbateni mining field. The mining
perimeter has an area of 1334.7 ha, where the
Lupeni Mining Exploitation operates, whose
object of activity is the extraction of energy coal
contained in layer 3 (Buliga, 2017). The main
water course is represented by West Jiu, which
collects the tributaries from the slopes of the
depression. The water samples were taken
mainly from the areas downstream from the
mining units or fields, respectively the samples
from Péaraiele Tusu (sample no. 6) and Vacii
Valley (sample no. 5), being downstream from
the former exploitations from Uricani, the
sample from the Barbateni stream (sample no. 4)
being taken from downstream of the former
Barbateni exploitation.

“Valea de Brazi

= - Google Earth

Figure 1. Location of the surface water sampling points —
Jiu Valley mining area (1 — West Jiu river; 2 — Caprisoara
creek; 3 — Baleia creek; 4 — Barbateni creek; 5 — Vacii
Valley creek; 6 — Tusu creek; 7 — Bulzu creek) (modified
after Google Erath).

Vulcan mining perimeter is located in
the central area of the West Jiu Valley and
covers an area of 12.6 km?. Vulcan perimeter is
bounded to the east by the Aninoasa mining
perimeter, and to the west by the Paroseni and
Lupeni mining perimeters. The mining activity
is managed by Hunedoara Energetic Complex
S.A. Company. At the level of 2014, the Vulcan
mine had two production sectors, one electro-
mechanical sector, one transport sector and a
ventilation sector (Buliga, 2017). In addition to
the DN 66A national road, access to the
premises is via the Petrosani-Livezeni-Lupeni
railway. The hydrographic network in the described
perimeter is tributary to the West Jiu River. Samples
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were collected from tributaries of the Jiu River that
either cross areas affected by both current and
historical mining activities or affected by industrial
activities such as the Paroseni thermal power plant.
As it can be observed in Fig. 1, the samples were
taken both upstream (upstream-sample no. 2
Caprisoara creek) and downstream of the mining
units (downstream E.M. Lupeni- sample no. 3,
Baleia creek and E.M. Vulcan- sample no. 1 Jiu).

MATERIALS AND METHODS

With the help of the multiparameter
WTW Multi 350i, the following physico-
chemical parameters were measured in situ:
electrical conductivity (EC), total dissolved
solids (TDS), salinity, pH, redox potential
(ORP). Before the field measurements, the
equipment was calibrated using standard buffer
pH solutions (pH = 4.01; 7.00; 10.01) and
standard solution with an electric conductivity
of 1278 uS/cm (20°C), respectively 1413 pS/cm
(25°C).

The samples destinated for major
dissolved ions analyses were collected in sterile
polyethylene vials, with a volume of 120 ml.
The collection and preservation of water
samples was carried out according to national
and international standards (ISO 5667-1/2023,
ISO 5667-3/2024). The samples were filtered in
the field by using syringe filters with pore size
of 0.45 pm. The vials were labelled and
transported to the laboratory in dark at cold
(5°C) condition. The analyses were performed
within 48h from sampling by using an ion
chromatography system (model IC 1500 Dionex
— SUA), which allows the analyse of the
following ions F, CI,, Br, NOs, NO2, SO4%,
PO.%, Li*, Na*, K*, NH4*, Ca*", and Mg?*. The
qualitative analysis was performed based on
retention times for each ion present in the
standard solution, while the quantitative analysis
was carried out based on the external standard
method, using the previously calibration curves
plotted for each ion. The sensitivity of IC
method was estimated based on the limit of

detection (LOD) and the limit of quantification
(LOQ). The results showed that ion
chromatographic method had an adequate
sensitivity, the LOD values ranged between
0.001 and 0.02 mg/l, and the LOQ values were
in the range of 0.003 — 0.065 mg/l, depending on
the ion. The limit of detection (LOD) and the
limit of quantification (LOQ) were calculated
based on the standard deviation of the response
— o (10 repeated measurements of the blank
sample) and the slope of the calibration curve —
S, according to the formulas below:

3.3X0o 10Xo

LOD = =21 10Q = =

The content of carbonates and
bicarbonates was measured by titration with
HCI, in the presence of phenolphthalein and
methylorange as indicators.

RESULTS AND DISCUSSIONS

Determination of physico-chemical parameters

Seven surface water samples were taken
from the mining perimeter of Jiu Valley, in order
to determine their physico-chemical parametes
(the values are presented in Table 1).

Table 1. Values of physico-chemical parameters
for the collected surface water samples

EC TDS Sal.
Sample pH ORP (mV) (uS/cm) (mg/l) (%o)
1. West Jiu
river 7.74 -61.9 175.1 112 <0.01
2. Caprisoara
creek 7.48 -49.5 665.0 425 0.3
3. Baleia
creek 7.57 -54.4 68.2 44 <0.01
4. Barbateni
creek 7.62 -55.1 192.0 123 <0.01
5. Vacii
Valley creek 7.80 -61.9 59.4 38 <0.01
6. Tusu creek 7.73 -60.3 97.5 62 <0.01
7.Bulzu creek | 7.72 -61.2 1224 78 <0.01
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The pH indicates the hydrogen ions
concentration, which determines the acid or
basic character of water. The water pH change is
related to the formation and decomposition
processes of organic substances, on which the
decrease or increase of carbonic acid
concentration depends. The development and
vital activity of aquatic organisms, as well as the
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stability and migration of chemical elements
depend on the pH (Puri, 2015). The analyzed
water samples had a neutral pH (between 7.48
and 7.80) (Table 1), being within the limits (6.5
—8.5) imposed by the national legislation (Order
no. 161 from 16.02.2006).

The redox potential presented negative
values (between -49.5 and -61.9 mV), being
indirectly correlated with pH values. There are
studies that have highlighted the correlation
between the redox potential and the abundance
of nitrate ion, namely the fact that the depletion
of nitrite correlates with switching from a
positive to negative ORP gradient (Weil3bach et
al., 2018). Therefore, the negative values of the
potential could be a possible reason why the
nitrite content in all the analysed samples was
below the detection limit.

Electrical conductivity is an important
parameter, being an indicator of the level of
dissolved salts, including magnesium, sulphate,
sodium, chloride, or calcium. Depending on EC
values, the water can be used in irrigation,
recreational, industrial or other purposes. The
surface water samples had a low EC, between
68.2 and 665.0 uS/cm. The highest EC value
was registered in Caprisoara creek, which has
the confluence with West Jiu river, downstream
of Vulcan mining exploitation area. Considering
that surface water is an important resource for
agriculture, the EC value of the investigated
waters is suitable for agricultural usage.
Generally, water with EC <750 uS/cm is safe so
be used for irrigation (Kadhem, 2013).

The total dissolved solids TDS (mg/l) in
water include, generally, inorganic salts (as
carbonate, bicarbonate, chloride, sulphate,
nitrate, sodium, potassium, calcium and
magnesium) and a small quantity of organic
material (Puri, 2015). Thus, the values for the
total dissolved solids are between 38 mg/l for
Vacii Valley creek and 425 mg/l for the sample
number 2, collected from Caprisoara creek.

The analysed water samples had a low
salinity, the values being below the detection
limit of the equipment (<0.01%o), with the
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exception of Caprisoara creek, where the
salinity was 0.3%o (Table 1).

lons concentration in surface water samples

Concentrations of dissolved ions for the
investigated water samples are presented in
Figure 2 and the quality classes can be
determined according to the present legislation
(Order no. 161 from 16.02.2006). The ions
concentrations F, NOz, Br, PO, K* Li*,
NH4" were under the detection limit of the
equipment.

The distribution of major dissolved ions
was dominated by the presence of SO4%", HCO3™
, Ca%* and Mg?* (Fig. 2). The surface waters had
a low CI" content, between 0.91 and 7.04 mg/I,
which corresponds to I* quality class “very good
ecological status”. Similar to CI, the NOs
content was low, the values for N_NOz3" ranged
between 0.09 — 0.51 mg/I, all the samples being
classified as I quality class “very good
ecological status”. The nitrates content was
slightly higher in samples 1-3 compared to the
rest of the samples. Nitrates presence in surface
waters can be associated with natural and
anthropic sources (agriculture by manure
elimination, food production and deposit
activities of household and industrial waste)
(Puri, 2015).

Except for sample no. 2, the sulphate
content was low, corresponding to It quality
class “very good ecological status” (Fig. 2). In
sample 2, the sulphate was abnormally high, the
water sample being classified as V" quality class
“bad ecological status”. The high content of
sulphate from Céprisoara creek (sample no. 2)
reflected an anthropic impact, which can be
correlated with possible leachate of pollutants
from the household waste dumps located
upstream from the sampling point, or with the
aerial dispersion of pollutants from the surface
of the ash pits generated by Paroseni Plant,
located at approximately 500 m from the
sampling point. Therefore, through the action of
rainwater, leachate appears, which can
negatively influence the quality of underground
and surface water from their perimeter. Further
investigation is needed to assess the water
quality of this particular tributary of West Jiu
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river and to confirm the impact of the above
mention anthropic activities.

High concentrations of SO4% in surface
water, can disturb the equilibrium and the ionic
exchange processes, which can have a negative
impact on aquatic organisms (Qian et al., 2017).
Sulphates, sulfides and sulphurate hydrogen
represent the sulphur combinations. Sulphates
have a low stability, being a substrate for oxido-
reduction bacteria and transform them into
sulphurate hydrogen or soluble sulphides. Thus,
in oxidation reactions, in the water presence, the
sulfoxidant bacteria transform H.S or elemental
sulphur into sulphates. On the other hand, in
reduction reactions, bacteria transform sulphates
in H2S which is obtained or in the iron presence
can form pyrites FeS (Bech et al., 2017).

The carbonate was not detected in the
analysed water, while the bicarbonate content
ranged between 75 and 254 mg/l. The highest
bicarbonate levels were registered in sample no.
1 — West Jiu river (150 mg/l) and in sample no.
2 — Céaprisoara stream (254 mg/l). The presence
of bicarbonates in surface waters can be
correlated with the geological features of the
aquifers, namely to the presence of limestone
and dolomite. Thus, the presence of carbon in
dolomite and calcite is responsible for the
presence of almost half of the bicarbonate ions
content from solution. The presence of these
minerals determines an increase of calcium,
magnesium and bicarbonate ions concentration
in water (Gastmans et al., 2010; Khashogji et al.,
2013). Possible sources for carbonates and
bicarbonates in surface waters can include the
presence of organic material in aquifer, which is
oxidized and produces CO2, favoring mineral
dissolution.

The sodium content was low (between

0.89 and 6.87 mg/l) for the analysed surface
water samples, corresponding to It quality class
“very good ecological status” (Fig. 2). With the
exception of sample no. 2, the rest of the samples
had a low content of calcium and magnesium
which correspond to I* quality class “very good
ecological status” and respectively to II"® quality
class “good ecological status” (sample 1 for
Mg?* content). The sample no. 2, collected from
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Céprisoara creek had a considerably higher
magnesium (classified as 111" quality class
“moderate ecological status”) and calcium
content (classified as IV" quality class “low
ecological status”) (Fig. 2). Such high levels of
calcium and magnesium may be associated with
anthropic sources, but in order to identify
possible sources further investigations are
needed.
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Figure 2. The content of major dissolved ions in the
surface water samples and the corresponding water quality
status according to national regulation (Order no. 161
from 16.02.2006).

Based on calcium and magnesium
concentration, the water harness (HD) was
calculated using the Water hardness calculator
proposed by Lenntech. The results are presented
in Fig. 3.
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very hard

600 - - water

400 1

HD (mg/l CaCO3)

200 e e e e e e e i e -
T " o T = } soft /moderately

0 hard water
1 2 3 4 5 6 7

Figure 3. The hardness of the investigated surface waters.

Generally, the analysed waters can be
classified as soft water (HD up to 60 mg/l
CaCO0gz) and moderately hard water (HD up to
120 mg/l CaCOz). Sample no. 2 was again an
exception, where the limit for very hard water
(180 mg/l) was considerably exceeded. The
water hardness from sample no. 2 - Caprisoara
creek is caused by the high amount of dissolved
calcium and magnesium salts in the water.
Water hardness is a factor which restricts their
usage in agriculture, industrial or recreational
purposes. When passing through the pipes, the
calcium and magnesium salts can form scale,
which can reduce the life of equipment, raise the
maintenance costs, lower the efficiency of
electric water heaters, or lead to clog pipes. Too
much salts in water used for irrigation can lead
to accumulation of high amounts of salts in
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rootzone, which may reduce or even prohibit the
crop production.

CONCLUSIONS

The main objective of this study was to
evaluate the quality of surface water in the Jiu
Valley, a mining area in southwest of Romania.
Seven surface water samples crossing the
territory of three territorial administrative units
(Uricani, Lupeni, Vulcan) were analysed.

The analysed water samples had a
neutral pH, with a relatively low content of
dissolved salts, except for Caprisoara creek.
Based on their dissolved ions content, most of
the analysed waters correspond to It quality
class, which reflect a very good ecological
status. Caprisoara creek was an exception.
Because of the high content of sulphate, calcium
and magnesium, this water sample corresponds
to V™" class (based on SO4% content), IV™" class
(Ca?* level) and 111" (Mg?* concentration) class,
indicating a bad / low / moderate ecological
status. The contamination with these chemical
compounds can be associated with possible
anthropogenic sources, like leachate generated
in the household waste dumps areas located
upstream from the sampling point, or with the
aerial dispersion of pollutants from the surface
of the ash pits generated by Paroseni Plant. To
confirm this sources, further investigations are
needed.
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Abstract: Hedera helix is an evergreen perennial vine plant often pruned for ornamental or ecological purposes.
This process generates a significant amount of biomass waste. Therefore, this study aimed to use this biomass to obtain
extracts rich in phenolic compounds and as a mediator for the biosynthesis of gold nanoparticles (AuNPs). Biochemical
assays (DPPH, FRAP, Folin—Ciocalteu, and colorimetric determination of total flavonoid content) revealed that the
extracts have significant radical scavenging activity and moderate phenolic and flavonoid compound levels. These
findings were further supported by UHPLC analysis, providing insight into the chemical composition of these extracts.
Only the most efficient extract (water infusion) was further used for AuNPs synthesis in three different synthesis
medium concentrations of H4uCl, (0.5, 1, and 2 mM). Visual and UV-Vis spectroscopy analyses revealed the successful
formation of AuNPs, while SEM-EDS analysis confirmed the morphology (spherical and polydisperse nanoparticles)
and elemental composition. The antimicrobial activity was evaluated through the broth microdilution method against
five microbial strains (Staphylococcus aureus, Escherichia coli, Salmonella typhimurium, Pseudomonas aeruginosa,
and Candida albicans) and two antibiotics (penicillin and gentamicin). The resulting bacterial inhibition rate (BIR%)
revealed a low inhibitory activity for AUNPSs, significantly lower than for the tested antibiotics. It suggests that further
AuNPs functionalizations may be required to increase their biological activity.

Keywords: antimicrobial activity, gold nanoparticles, green synthesis, Hedera helix,
phytochemical characterization.

INTRODUCTION been explored yet. Natural compounds'
Throughout history, plants have played a most significant advantages are that they often
crucial role in overcoming human ailments and cause fewer side effects and work better within
diseases due to the biocompatibility of their the organism, being highly biocompatible
secondary metabolites. These metabolites act (Belmehdi et al., 2023; Shokry et al., 2022;
as antioxidants, anticancer agents (Belmehdi et Vaou et al., 2021).
al.,, 2023; Mungwari et al., 2025), and The need to use ecologically derived
antimicrobial substances with antibacterial and plant compounds in green synthesis has
antifungal properties (Bezruk et al., 2020; recently opened new directions in
Shokry et al., 2022; Vaou et al., 2021). nanotechnology (Sorbiun et al., 2018; Thipe et
However, unlike synthetic drugs, typically al., 2022). Using biological methods for
composed of single molecules, plant-based synthesizing metal nanoparticles has the
natural compounds are usually complex advantage of being low-cost and eco-friendly,
mixtures. These mixtures contain a vast array and several plant-based compounds (alkaloids,
of  chemicals  (phenolic  compounds, terpenes, phenols, saponins, and proteins) can
flavonoids, proteins, alkaloids, essential oils, act as both reducing and stabilizing agents
saponins) (Belmehdi et al., 2023; Gavrilaetal., (Csakvari et al., 2021; Saravanan et al., 2021),
2023; Mungwari et al., 2025), some of which making them the perfect candidates for green
may have health benefits that haven't even synthesis while lowering their overall toxicity

and environmental impact (Thipe et al., 2022).
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These resulting nanoparticles can often
have therapeutic properties as antimicrobial
agents (Belete, 2019), or they can further be
used in obtaining biosensors or for several
other applications in pharmacology and
diagnostics (Ronavaéri et al., 2021; Sorbiun et
al., 2018).

Hedera helix L., a member of the
Araliaceae family, is a well-known climbing
evergreen perennial vine plant native to a wide
geographic range spanning western, central,
and southern Europe, extending into northern
Africa (Bezruk et al., 2020; Sen et al., 2023;
Suica-Bunghez et al., 2020; Wyka et al., 2023).
Documented records present an approximate
length of over 30 meters, with robust shoots
having a diameter of up to 25 centimeters
forming a small trunk. The stems connect with
the surrounding substrate through multiple leaf
node roots, adhering to vertical surfaces like
trees, on rocky cliffs similar to lianas, or
creeping on the ground (Al-Snafi, 2018;
Baharara et al., 2021; Suica-Bunghez et al.,
2020). The leaves are colored in vibrant green
shades, usually smaller than 8 cm, and present
a particular smell when crushed. The flowers
are small and organized in clusters of yellow-
green color that lead to small drupe-like fruits
containing between 2-5 seeds (Al-Snafi, 2018;
Baharara et al., 2021).

Within  the ivy plant, many
phytochemicals are present, some of which are
used in traditional medicine across various
cultures. These compounds include saponins:
a-hederin (Belmehdi et al., 2023; Gavrilaetal.,
2023; Shokry et al., 2022), hederacoside E and
F, hederasaponin-C, flavonoids: quercetin,
rutin, kaempferol, polyacetylenes, and
phenolic compounds: caffeic acid, rosmarinic
acid, p-coumaric acid, as well as amino acids,
steroids, vitamins, and volatile and fixed oils
(Al-Snafi, 2018; Suica-Bunghez et al., 2020).
One of the traditional medicinal applications of
Hedera helix was the preparation of a
decoction from its leaves and fruits, used to
treat coughs and other respiratory disorders
(Al-Snafi, 2018; Baharara et al., 2021). In most
of Europe's territories, ivy leaf extracts are still
used in traditional treatments for most acute
and chronic respiratory tract problems and
inflammatory conditions (Shokry et al., 2022).
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From a landscape perspective, common
ivy is often integrated into vertical greenery
systems and, due to its high biomass
productivity, requires regular trimming, which
results in the generation of substantial biomass
waste (Vercruysse et al., 2024). The generated
biomass trimmings have a rich chemical
profile, containing various phytochemicals
such as flavonoids, saponins, and essential oils,
representing a promising and untapped source
of natural capping and reducing agents
essential for green nanoparticle synthesis (Al-
Snafi, 2018; Vercruysse et al., 2024).

The objectives of this study were: (i) to
recover and utilize the bioactive compounds
from Hedera helix biomass; and (ii) to
synthesize and characterize AuNPs from these
bioactive compounds using a green, plant-
mediated approach, and (iii) to evaluate the
antioxidant and antimicrobial potential of both
the extracts and the synthesized AuNPs.

MATERIALS AND METHODS

All utilized chemicals and reagents were of
analytical grade and procured from Sigma-
Aldrich and Merck.

Plant-based materials

Hedera helix L. leaves were gathered locally
from Arad city, Romania (46°10'36"N
21°18'4"E). Until required, they were air-dried
and then placed in paper bags for storage.

Preparing the plant extracts

The dry plant leaves were ground to a fine
powder using an electric milling machine.
Several extracts were prepared by 7 days
aqueous maceration (HH1) and hydroalcoholic
maceration (HH2) or a 30-minute aqueous
infusion (HH3), using a 1:10 w/v plant
biomass to solvent. The resulting extracts were
filtered and further centrifuged at 8000 rpm for
15 minutes, and the upper layer was collected
for AuNPs synthesis and biochemical analysis.
For the UHPLC analysis, the extracts were
filtered using a 15 mm, 0.45 um PVDF syringe
filter.
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Biochemical Assays

Total Phenolic Content

Phenolic quantification was assessed using the
Folin-Ciocalteu (FC) method, and the results
were expressed as gallic acid equivalents
(GAE/L) following the procedure described by
Moisa et al. (2018). Briefly, diluted extract
(1:25) was mixed and reacted with FC reagent,
20% sodium carbonate, and water, and the
mixture was incubated for 90 minutes at room
temperature in the dark. The absorbance values
were read at a wavelength of 765 nm.

Antioxidant Activity

DPPH Assay

The DPPHe (1,1-diphenyl-2-picrylhydrazyl)
free radical assay was performed following the
method previously described by Csakvari et al.
(2021). Briefly, 100 pL sample was mixed
with 3 mL DPPHe- solution and incubated in
the dark for 1 hour. The absorbance was
measured at 517 nm, and the results were
expressed as a percentage of inhibition and mg
GAE/L.

FRAP Assay (Ferric Reducing Antioxidant
Power)

The antioxidant activity of the Hedera helix
extracts was evaluated by measuring their
ability to reduce the Fe**-TPTZ complex to its
Fe**-TPTZ form, resulting in a blue-colored
solution with a maximum absorbance at 593
nm. For this, FRAP reagent was freshly
prepared by mixing acetate buffer (300 mM,
pH 3.6), TPTZ solution (10 mM in 40 mM
HCI), and FeCls solution (20 mM) ina 10:1:1
(v/viv) ratio, as described by Mot et al. (2022).
For each assay, 0.2 mL of extract was mixed
with 1.5 mL of FRAP reagent, incubated in the
dark for 20 minutes, and the absorbance was
recorded at 593 nm, using water as a blank.

Total Flavonoid Content

The previously obtained Hedera helix extracts
were used to determine the flavonoid content
following the method described by Copolovici
etal. (2021). For this, 250 uL of the extract was
mixed with 1250 pL of sodium acetate solution
(100 g/L), 750 pL of aluminum chloride
solution (25 g/L), and 250 uL of deionized
water. The mixture was incubated in the dark
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for 15 minutes, and absorbance was measured
at 434 nm against a reference sample prepared
under the same conditions.

Statistical Analysis

Statistical analysis of the biochemical assay
results was performed using two-way analysis
of variance (ANOVA), followed by Tukey’s
multiple comparison test in order to determine
significant differences between samples.
Values presenting different superscript letters
are significantly different (p < 0.05); values
sharing the same letters are not significantly
different (p > 0.05).

Chemical Composition
UHPLC-DAD

The extracts were evaluated using an ultra-
high-performance  liquid  chromatograph
(UHPLC Nexera X2, Shimadzu, Tokyo,
Japan) equipped with a reversed-phase
Nucleosil C18 column (Macherey-Nagel,
Diren, Germany), following the method
described by Csakvari et al. (2021).
Compounds were identified and quantified by
comparing retention times and UV spectra
with reference standards analysed under
identical conditions.

Determined by

Synthesis of Gold Nanoparticles

Gold nanoparticles were synthesized using a
procedure adapted from Chiravoot et al.
(2021), with several modifications. Therefore,
27 mL of 0.5, 1, and 2 mM HAuCus3H20
solution was added at 30 °C to 4 mL plant
extract at room temperature under constant
mixing. After 1 h of reaction time, the mixture
was centrifuged at 8000 rpm for 30 minutes
and then the supernatant was discarded. The
resulting AuNPs were washed three times with
deionized water and resuspended in a small
volume to obtain a concentrated suspension,
which was used for further analysis.

UV-Vis Characterization of AUNPs

UV-Vis spectroscopy analysis using a Specord
200 spectrophotometer (Analytik Jena AG,
Germany), with the absorbance recorded in the
range of 400-700 nm revealed a characteristic
surface plasmon resonance (SPR) peak at
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approximately 550 the

presence of AuNPs.

nm, confirming

SEM—-EDS Characterization of AUNPs

The morphology, size, and distribution of the
synthesized AuNPs from Hedera helix extracts
were examined using a scanning electron
microscope (SEM, LYRA 3 XMU, Tescan,
Czech Republic) at 50 kx magnification.
Elemental composition was assessed through
Energy-Dispersive X-ray spectroscopy (EDS)
(EDAX Inc., Mahwah, NJ, USA).

Antimicrobial Activity — MIC Assay

The antimicrobial potential of the concentrated
AUNPs suspension was assessed through a
broth microdilution method using a 96-well
plate. The microbial strains used in this study
(E. coli ATCC 25922, S. typhimurium ATCC
14028, S. aureus ATCC 25923, C. albicans
ATCC 10231, P. aeruginosa ATCC 27853)
were obtained from the in-house microbial
collection of the "Aurel Vlaicu™ University of
Arad.

Following a microdilution protocol
described by Hilpert et al. (2008), each well in
columns 1 to 10 was initially filled with
100 uL  of Mueller-Hinton Broth (MHB,
VWR, BDH®). Afterward, a volume of
100 pL of the AuNPs stock suspension was
added to the first well (column 1), mixed
thoroughly, and 100 uL. was transferred to the
next well (column 2). This serial dilution
continued until column 10, discarding the final
100 pL to maintain equal volumes.

Following the serial dilution, 100 pL of
microbial inoculum adjusted to 0.5 McFarland
standard (approximately 1.5x10® CFU/mL)
was added to wells in columns 1 to 10. Column
11 was the positive control (200 uL of
microbial inoculum in MHB), while column 12
was the negative control (200 uL of sterile
MHB, without microorganisms).

Plates were incubated at 37 °C for 24
hours, and optical density (OD) was measured
at two wavelengths, 600 nm and 620 nm, using
a Tecan Spark multimode microplate reader
(Tecan Group Ltd., Switzerland).
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RESULTS AND DISCUSSIONS

Chemical Composition of the Hedera helix
Extracts

All the extracts obtained were evaluated for
their content of phenolic compounds and
flavonoids, and their antioxidant activity was
assessed.

The biochemical analyses indicated that
the HH3 extract presented the highest total
phenolic content (714.36 + 63.48% mg GAE/L),
followed by the HH1 extract
(515.13+8.00°mg GAE/L) and lastly, the
HH2 extract (508.78+8.18°mg GAE/L),
values sharing different superscript letters are
significantly different (p < 0.05); values
sharing the same letters are not.

The antioxidant activity measured using
the DPPH method presented a comparable
trend, with the HH3 extract showing a higher
activity (58.76% inhibition; 28.45+0.23 mg?
GAE/L), followed by the HH2 extract
(43.74%; 20.46 = 0.60° mg GAE/L) and lastly
the HH1 extract (17.96%; 6.74+0.09°mg
GAE/L).

Flavonoid content and FRAP values
were similar for all the extracts. For the
flavonoid content, the results ranged from
0.24 +0.01°meq rutin/mL in the HH1 extract
to 0.32+0.01° and 0.38+0.01%meq rutin/mL
in the HH3 and HH2 extracts, while for FRAP
assay the results ranged from 0.52 £0.01° to
0.55 mM £ 0.012 Trolox/L.

Considering these results, only the
infusion extract (HH3) was selected for
nanoparticle synthesis due to its higher
phenolic and antioxidant levels, quick
preparation time, and avoidance of organic
solvents.

Within the UHPLC analysis, several
phenolic and antioxidant compounds in the
Hedera helix extracts were confirmed (Figure
1). The highest concentration of rutin was
observed in the HH3 extract (467.91 mg/L)
and the HH2 extract (430.19 mg/L), while the
HH1 extract contained the lowest amount
(253.13 mg/L). Vanillic acid was also in a
slightly higher concentration within the HH3
extract (299.61 mg/L), compared to the HH2
extract (281.58 mg/L), and was not detected in
the HH1 extract. Caffeic acid followed a
similar pattern, with 185.14 mg/L in HH3 and
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44.06 mg/L in HH2, and was not detected in
the HH1 samples.

However, ascorbic acid was only found
in the macerates 90.65 mg/L in HH1 extract
and 190.62 mg/L in the HH2 extract but was
not detected in the HH3.

Table 1. UHPLC analysis of extracts
Compound

These results are similar to those
reported in existing literature for the extracts of
Hedera helix leaves (Ahchouch et al., 2024;
Shawky and EI Sohafy, 2020).

The resulting data further support the
biochemical assay results and justify the
selection of the HH3 extract for nanoparticle
synthesis due to its higher composition in

ma/L RT HH1 HH2 HH3 phenolic compounds and the potential use of
Ascorbic the reaction in the absence of organic solvents.
: 3.064 90.65  190.62 -
acid
Vanilic 9008 25313 43019 46791
Rutin 9.397 - 281.58  299.61
Caffeic  g676 - 4406 18514
acid
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Figure 1. UHPLC chromatogram of Hedera helix extract

Synthesis and Optical Properties of AUNPS
The reaction between HH3 extract and HAuCla
solutions revealed the synthesis of gold
nanoparticles, which was visually observed by
the color shift of the reaction mixtures from
pale yellow to dark pink. UV corroborated the
visual observation—Vis spectroscopy analysis,
which presented distinctive surface plasmon
resonance (SPR) peaks ranging from 540 to
550 nm (Figure 2) for all samples, as was also
reported by Yi et al. (2013).

The intensity of the SPR peak increased
with the concentrations of HAuCls (0.5 mM <
1 mM <2 mM), indicating a rapid nanoparticle
synthesis. The higher intensity peak recorded
for using the 2 mM gold solution could
possibly indicate the development of a highly
concentrated and perhaps monodisperse
colloidal suspension.
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Figure 2. UV-Vis spectra after synthesis prior to
purification of AuNPs.

The presence of a higher concentration
of phenolic compounds, including rutin and
caffeic acid, in the extract could have
influenced the reduction and stability of the
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nanoparticles, acting as reducing and capping
agents.

AuNPs  Morphological and Elemental
Characterization

The biosynthesized AuNPs morphology was
determined using a Scanning Electron
Microscope (SEM) at 50 kx magnification for

all samples. As depicted in Figure 3, the
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AuNPs synthesized from HH3 extract and
varying HAuCls concentrations (0.5, 1, and 2
mM) presented predominantly spherical

shapes, with an estimated diameter varying
between 20 and 80 nm (Figure 3), with similar
results reported by Xia et al. (2013).
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Figure 3. SEM micrographs of gold nanoparticles synthesized using HH3 extract and three different concentrations
of HAuCl.: (A) 0.5 mM, (B) 1 mM, and (C) 2 mM. All images were recorded at 50 kx magnification without prior sample

coating.

More homogenous particle size and
distribution were observed for the sample at 1
mM HAuCl,, with reduced aggregation
compared to 0.5 and 2 mM HAuCl. solution
samples.

At the higher concentration (2 mM
HAuCls), an increased particle density,
clustering, and non-spherical structures were
observed. These non-spherical structures
presented truncated or irregular triangular
shapes, suggesting a possible shift toward
anisotropic growth specific for higher gold ion
concentrations (Yi et al., 2013).

Therefore, due to their higher surface-to-
volume ratio, which is characteristic of smaller
and spherical nanoparticles, their ability to
interact with microbial cell membranes,
viruses and fungi, represents a crucial aspect
for biomedical applications and the overall
toxicity of metal NPs. (Osonga et al., 2020;
Saed et al., 2024).

As was reported by Azad et al. (2023)
morphological diversity can be caused by
slight variation of the phytochemical

composition of plant extracts and higher metal
concentrations in the synthesis medium.
Energy Dispersive X-ray spectroscopy
(EDS) analysis was used to determine the
elemental composition of the biosynthesized
AuUNPs. In all samples, elemental gold (Au)
was the main constituent, and strong
distinctive peaks were observed at around 2.1
keV. Low-intensity signals were also detected
and attributed to carbon (C), most probably
from the small quantity of biomolecules from
the extracts that may be present in the sample.
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Figure 4. EDS spectrum of AuNPs synthesized using
HH3 extract and 2 mM HAuCl..
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As was presented in Figure 4, the gold
content was overall high in all analyzed
samples, with relative weight percentages of
87.9% (2 mM), 86.7% (0.5 mM), and 78.5%
(1 mM), further supporting the successful
biosynthesis of AuNPs using HH3 extract.

These results validate the efficiency of the
green synthesis method and correlate with the
SEM observations of nanoparticle size and
distribution.

Antimicrobial Activity of AUNPs
Microbiological analyses were performed
using the broth microdilution method to
determine the antimicrobial potential of
Hedera helix-derived gold nanoparticles
biosynthesized at three different synthesis
medium concentrations (0.5, 1, and 2 mM
HAuCls) alongside two standard antibiotics.
Fresh microbial cultures were prepared, and
prior to inoculation, they were adjusted to 0.5
McFarland, and afterward, they were
inoculated in 96-well microplates containing
serial dilutions of the AuNPs suspensions.
The resulting BIR% values are indicating
that the Hedera helix-mediated biosynthesized
AuNPs did not exhibit inhibitory effects
against the five tested microbial strains under
the conditions employed. However, these
results were affected due to substantial optical
interference caused by the AuNPs. In contrast,
both reference antibiotics demonstrated strong
antimicrobial activity. A limitation of this
study is the absence of an antifungal agent as a
control and an antimicrobial protocol
optimization is required. These findings also
suggest that further adjustment of the synthesis
protocol is required, either to enhance
nanoparticle dispersion efficiency or to
functionalize their surface with bioactive
ligands, thereby improving the antimicrobial
efficacy of the green-synthesized AuNPs.

CONCLUSIONS

The extracts obtained from Hedera helix
biomass were characterized and presented
remarkable antioxidant potential and moderate
content of phenolic and flavonoid compounds.
It represents a good source of bioactive
compounds that can be successfully used to
biosynthesize gold nanoparticles (AuNPSs) of
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both spherical and polydisperse shapes, as
confirmed by UV-Vis and SEM-EDS
analyses, representing a sustainable approach
for the valorization of plant-based biomass
found in high amount in vertical greenery
systems present in city landscapes.

However, the MIC antimicrobial assay
against several microbial strains (bacteria and
fungi) revealed that the biosynthesized
nanoparticles presented low antimicrobial
activity compared to standard antibiotics.
These results suggest that, although AuNP
synthesis was effective, further optimization of
either the particle surface or their
concentration is still necessary for enhancing
antimicrobial properties, therefore, AUNPSs
with low antimicrobial activity could be
functionalized and used as drug delivery

carriers to enhance their antimicrobial
potential.
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Abstract: Luminescent liquid crystalline metal complexes are attractive multifunctional materials due to their great
potential of applicability in a wide range of domains from technological to medical fields. This review is focused on the
luminescent homo— and hetero—polymetallic metallomesogens containing d-block metal ions and different mono and
polydentate ligands published in the last ten years highlighting their ability to self-assembly in ordered lamellar or
columnar phases according to their molecular structure. The luminescent properties in solution, solid and liquid

crystalline states are also discussed.

Keywords: polymetallic metallomesogens, d-block metal complexes, luminescent properties.

INTRODUCTION

Liquid crystals are considered promising
materials for different applicative fields due to
their adaptive and controllable stimulus
responsiveness characteristics with numerous
applications beyond liquid crystal displays
(LCDs) (Bisoyi et al. 2022). Despite the great
potential in various technological, scientific and
medical fields, there is a constant need to
improve  their  properties to  increase
performance in the field of interest.
Luminescent liquid crystals are considered
novel materials in the production of energy-
efficient display devices through their ability to
enhance colour, brightness and view angle of
display dispositive, eliminating dependency of
LCDs by other expensive brightness sources
(Kumar et al. 2023). The introduction of a
metallic centre into liquid crystals, called
“metallomesogens”, gives them unique and
desirable properties compared to organic liquid
crystals: electrical, redox, magnetic, optical,
etc., properties induced by the metal ion
(Giménez et al. 2002), being considered
extremely promising materials for application in
optoelectronics (Krikorian et al. 2014, Geng et
al. 2017, Wang et al. 2016), energy (lonescu et
al. 2012, Su et al. 2016), medicine and even in
agriculture (Hakemi et al. 2022). The presence
of a second metal ion in the molecular
architecture can tune the target properties of the
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final homo or hetero-bimetallic complex.
Moreover, hetero-bimetallic species (metal
complexes containing two different metal
centre) bring additionally physicochemical
properties, metallic complementarity and/or
synergism, increasing the capacity for novel
application (Wenzel et al. 2014). In the
literature, are known some examples of homo-
(Cuerva et al. 2021) and hetero-polymetallic
metallomesogens (Kadkin et al. 2008) obtained
by direct metal-ligand synthesis without an
accurate analysis of their functionality-related
characteristics. To date, most of luminescent
metallomesogens reported are monometallic,
and their optical behaviour was studied in solid
state or solution (Wang et al. 2012, Wu et al.
2018, Santoro et al. 2009). Due to their reduced
stability and high transition temperatures, the
optical measurements in the liquid crystalline
states become problematic. However, through a
proper and smart design of such materials, these
drawbacks can be solved obtaining liquid
crystals at relatively low to room temperature.
Thus, only a limited example of liquid
crystalline metal complexes based on zinc(II),
copper(Il), gold(I), silver(I) and lanthanide(III)
ions have shown luminescent properties in
liquid crystalline state (Szerb et al. 2022,
Binnemans et al. 2009).

Herein, we present the recent progress over the
last decade in development of Iuminescent
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metallomesogens containing more than one d-
block metal centre.

CLASIFICATION OF LUMINESCENT
POLYMETALLIC METALLOMESOGENS

Homo—polymetallic metallomesogens

This kind of compounds are liquid crystalline
metal complexes that contain two or more
identical metal ions  coordinated to
mono/polydentate  ligands forming metal
oxide/halogen/fluorophenyl bridged complexes,
metallacycles, metallacages, etc.

Chico et al. 2016 reported a homo—bimetallic
linear Au(I) complex (1) based on a mesogenic
isocyanide triphenylene ligand and a
biphenytetrafluoro-linker (Figure 1a). The
complex displayed polymorphism  when
compared to its free ligand that showed only a
columnar hexagonal mesophase (Colh) (Figure
1b) from 37 to 130 °C. Thus, complex 1
organized at high temperatures into nematic
phase (N) between 122 and 172 °C and at lower
temperatures exhibited columnar rectangular
(Colr) from 102 to 122 °C.

c!?H?SO OCyzHys
C12H25° OCizHzs
Ci2Hs0  OCqoHps
ey S
O F Cszso OC1oHzs
Ci2H250 O Q OC|7H7
C12H250 OCyzHys 1
a)

Figure 1. Chemical structure of 1 (a); The proposed
molecular packing of 1 (b).

The Au(I) complex 1 showed a blue-violet
emission (Aex = 282 nm, Aem = 420 nm,) in
solution (CH2Cl,, 10°M) at room temperature,
similar with the free ligand. However, the
emission quantum yield of the complex [® (x10
3) = 0.0028] was significantly reduced when
compared to the ligand [® (x10-%) = 0.2800] due
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to the increasing of the non-radiative
deactivation process generated by the heavy
metal effect (Ibrayev et al. 2024). The
luminescence of 1 is quenched at higher
concentration and also in the solid state and
mesophase. Other linear type of bimetallic
complexes reported (Al-Karawi et al. 2017) (2
4) (Figure 2a) contain hydrazine-based
mesogenic ligands that exhibited nematic
phases. Their Ag(I) complexes organized into
smectic phases at relatively low temperatures
(Table 1).

Table 1. DSC and emission data for Ag(I) complexes 2—
4

Comp. Phase transitions Emission data on
Tmax®C (AH/KJ.mol ) solid and
first heating/cooling mesomorphic state,
Aem/nm
(Aex =248 nm)
2 Cri—Cr2 84.2 (20.21) 494
Sm 125.1 (18.67) 1/
1123.3 (-19.40) Sm
73.4 (=22.61) Cr>—Cr1
3 Cri—Cr2 79.5 (23.31) 494
Sm 113.4 (19.44)1/
1108.2 (-20.94) Sm
65.9 (—24.82) Cr>—Cr1
4 Cri—Cr2 83.1 (21.24) 493
Sm 115.3 (18.81) 1/
1112.7 (-19.60) Sm
68.3 (—23.20) Cr>—Cr1

Cr - crystalline solid, Sm - smectic mesophase, I -
isotropic liquid

For these bimetallic silver(I) complexes, some
interesting characteristics governed the liquid
crystalline properties. In particular, similar
bimetallic silver(I) complexes with shorter (n <
6) or longer chain lengths (n > 8) or with an
asymmetric position of the azine group (not
shown herein) were not mesomorphic. The
liquid crystalline Ag(I) complexes (2-4)
revealed intense blue emission at room
temperature, both in solid and mesomorphic
state (Table 1) attributed to a ligand-centred
transition. However, in the isotropic phase, the
luminescence was totally quenched but upon
cooling it returns (Figure 2b).
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Jem =494 nm

Fluorescence inten:

solid phase mesophase - heating

cycle
wa=Emission evolution of compound 3 in different state

b)
Figure 2. Chemical structure of Ag(I) metallomesogens
(a); fluorescence evolution of complex 3 in solid,
mesomorphic and liquid phase (b).

liquid phase mesophase - cooling

cycle

Micutz et al. 2014 obtained two homo-
bimetallic Pd(II) complexes (5 and 6 — Figure
3a) based on a Schiff base and an ancillary
benzoyl-thiourea ligands showing mesomorphic
properties at low temperatures. Their strategy to
obtain room temperature metallomesogens was
to vary the number of alkyl chains grafted on the
ancillary ligands. Both complexes self-
assembled into disordered columnar hexagonal
phases that formed glassy mesophases at room
temperature. The organization inside the
columns slightly differ in the case of the two
metal complexes, in the number of molecules
filling the disks, from approximatively two
molecules for 5 to one molecule for 6 (Figure
3b).

The complexes were emissive in solid state,
solution and in the mesophase at room
temperature showing a red emission attributed to
an intra-ligand transition (Table 2).
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Figure 3. Chemical structure of metallomesogens 5 and 6
(a); the number of molecules that form columnar
hexagonal unit (b).

Table 2. Emission data of binuclear Pd(I[) complexes 5
and 6

Comp. Emission, Aem/nm
(D/%)
Solid state Solution (CH2CL:), | Condensed
(Aex = 480 nm) Cu=5x10" state at room
(Aex =283 nm) temperature

5 546, 676, 736, 365(0.55) Similar to solid
819(sh) state

6 556, 683, 744, 360(0.39) Similar to solid
823(sh) state

Pastor et al. 2018 published a series of metal
complexes based on derivatives of pyridyl--
diketone ligands differently substituted with
alkyl chains where the position of N-pyridine
atom dictated the type of complexes obtained
and the liquid crystalline properties in the
resulting compounds. Hence, the bimetallic
complexes (dimers) 7-10 were obtained with the
ligands containing the pyridyl nitrogen atom
placed in ortho position, where the zinc(Il)
atoms were linked by two bridging chlorine
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atoms (Figure 4a), while the ligands with para
position of the nitrogen atom have led to
mononuclear  Zn(Il)  complexes.  These
complexes showed SmA phases at high
temperatures (over 180 °C) in a very short range
of temperature (3 to 6 °C) followed by a re-
entrant crystal phase on heating cycle until the
clearing temperature (Figure 4b). On cooling
cycle, the complexes froze in SmA phase.

OCnH2n»1
NN

N
N o Ho
Cl-zn
4
Cl \Cl
N/ Tan= 12
/Zn """ Cl 8 R
OH 0™ s W=
S eincie
H2n41CnO — -n
a)
’g_ Thermal behavior - Heating cycle
— — - B
175
125
75
25
7 8 9 10
#Cr ®=SmA u(Cr*
b)

Figure 4. Chemical structure of metallomesogens 7-10
(a); thermal behaviour of the complexes (b) on heating
cycle.

Nevertheless, these dimeric complexes had
solubility problems that did not allowed the
study of the luminescent properties in solution.
However, the photophysical behaviour in solid
state of only compound 7 was reported as
representative of this class showing a blue
emission (Aem = 495 nm).

Pyridine-pyrazolate derivative ligands seem to
have an interesting influence on the organization
pattern of their Ag(I) complexes depending on
the solvent polarity (Soria et al. 2016). Thus, in
polar media, 1D oligomers are formed and in
apolar solvents cyclic trimers are isolated, the
last  arrangement being  predominantly
encountered (Titov et al. 2019, Fujisawa et al.
2021). Therefore, three luminescent homo-
polymetallic Ag(I) metallomesogens (11-13)
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based on pyridine-pyrazolate type ligands, with
cyclic structure and different alkyl chain length
were reported by Soria et al. 2016 (Figure 5a).
The complexes presented a trimeric structure in
solid state that become an open chain 1D
oligomeric structure in mesomorphic state and
in solution, the Ag-N bond proving to be too
weak to maintain the cyclic structure. These 1D
oligomeric forms allowed them to self-assembly
in smectic A phases at relatively high
temperature, over 100 °C, and for compounds 12
and 13 the isotropization point (over 170 °C)
was accompanied by decomposition.

OcnH2n41

OCnHZnH

M:n=12
12:n=16
13:n=18
a)
OChHon+1 Hon+1ChO
OCnH?nd
OCpHan+1

H2n1CnO OC Hon+1
H2n+1cno
14:n=10
15:n=14

b)
Figure 5. Chemical structure of metallomesogens 11-13
(a) and 14 and 15 (b).

All the Ag(I) complexes (11-13) emit in
solution (Aem =386 nm, ® =0.07 for 11) in their
oligomeric form and become non-emissive in
the cyclic form. Other cyclic homo—trimetallic
Cu(I) metallomesogens (14 and 15) (Figure 5b)
derived from phenyl-pyrazolinic ligands with
phosphorescent properties were lately reported
by Gimenez et al. 2020. Unlike the Ag(I)
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metallomesogens 11-13, the Cu(I) complexes
displayed stable 2D columnar hexagonal (Colh)
phases over a large temperatures range (108 °C
and 57 °C, respectively) and lower clearing
temperatures. On cooling cycle, both complexes
froze in the mesophase at room temperature. The
emissive properties were recorded on neat thin
films at room temperature in Colh phase for 14
and in the crystalline phase and mesomorphic
state, respectively (50 °C) for 15. In all cases, an
orange—red light emission (661-664 nm) was
observed due to the metal-centred triplet state
(®MM) excimer transition with an impressive
quantum yield value of 42% for 14. By
increasing temperature from room temperature
to 50 °C for 15 a reducing of emission intensity
and a minor decrease of lifetime (from 26 to 22
microseconds) were reported. In diluted THF
solution, the complexes had a different
behaviour showing a violet light emission
similar with mesogenic phenyl-pyrazoles type
ligands (Blanco et al. 2016). Huitorel et al. 2016
obtained an interesting dual emissive Cu(I)
metallomesogen (16) based on a [Cusl4] cubane
cluster and phosphine-based ligands containing
cyanobiphenyl (CBP) as mesogenic moieties
(Figure 6a). The Cu(l) cluster (16) exhibited a
smectic A mesophase over a wide range of
temperature from 25 °C to 100 °C where the
organic moieties (ligand) alternate with the
inorganic ones ([Cuasl4] core) (Figure 6b).

Figure 6. Chemical structure of metallomesogen 16 (a);
schematic representation of proposed self-assembly of 16
into smectic A phase (b).

Under the UV light, the complex 16 showed a
blue emission at room temperature that become
greener by decreasing temperature to -196 °C.
This temperature-luminescence dependency is
known as thermochromism. Moreover, the
luminescence was also influenced by
mechanical stimuli as grinding/crushing that
generated changes at molecular level by
shortening the metallophilic copper-copper
bonds and altering the ligands organization.
Thus, considerable changes in the colour
emission from blue to green-yellow were
observed. Chen et al. 2020 reported a
luminescent thomboidal metallacycle (17) with
both thermotropic and lyotropic properties,
formed through a donor-acceptor interaction
between an organic donor such as
tetraphenylethene moiety and a bimetallic Pt(I)
complex bearing hydrophilic chains as acceptor
unit (Figure 7).

4+

OCqoHys OCqoH25 40Tf
C12H250. OC12Has

C1aH250 OC12Has

C12H250.

C12H250
Figure 7. Chemical structure of metallomesogen 17

The metallacycle 17 self-assembled into a 2D
Colr phase at room temperature, stable up to 110
°C, while in DMF solution organizes into Colh
mesophase. Through irradiation with UV light
(Aex = 365 nm) in solution of dichloromethane,
the complex 17 emitted green light (544 nm). In
dichloromethane/hexane mixture, a
progressively increased emission intensity was
observed when hexane was gradually added.
The increase of the luminescence was attributed
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to aggregate formation. The intensity of
emission become significant when the hexane
volume fraction exceeds 60% recording an
increase of the quantum yield value from 1.12%
to 8.37%. In the liquid crystalline state, the value
of the quantum yield was higher (12.6%)
compared to the solution at room temperature
with increasing temperature. Furthermore, the
influence of temperature on the emission of 17
in the liquid crystalline phase revealed the
expected decreasing of the intensity emission
due to increase of vibrational modes. So, all
these evidences revealed the AIE characteristics
of this homo—polymetallic metallacycle.

Hetero—polymetallic metallomesogens

The need of designing hetero—polymetallic
metallomesogens with synergistic properties is
imperative in the development of more
sophisticated and smart devices. In the last few
years, there has been a stagnation in the
publication of luminescent metallomesogens
that contain different metal ions since obtaining
these compounds is a real challenge from a
synthetic point of view. In this regard, our team
reported two luminescent hetero—polymetallic
(18) and (19) metallomesogens obtained from
terpyridine derivative ligand and substituted
gallate co-ligands bearing ferrocene units (Fc)
(Andelescu et al. 2024) (Figure 8).

)
ap)
Fc
coo’ 00C_
X ]
FeCp Hypo—7  \ /' \\—0C, HyFe
CppHy 0 y
e OCppHys CpHy0o  OCnH
18
FeCy H30 IC);Hy Fo
OC,:H
€ HL0 .
Cy3H, 0 ; . N oo Leat
Zn—N { ‘IU N—2Z
CH 0 & N —N X _OC;H
CpHs07 7 NocyH,
FeCyH,y0 19 OC,:Hy Fe

Figure 8. Chemical structure of metallomesogens 18 and
19.
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Both metal complexes exhibited 2D columnar
hexagonal mesophases at room temperature for
18 and close to room temperature for 19 (70 °C)
stable up to 188 °C and 156 °C, respectively. The
presence of the aliphatic chain that linked the
two Zn units (19) decreased the izotropization
temperature to 156 °C for this complex.
Moreover, the presence of the ferrocene
fragment inserted into the aliphatic region of
these metallomesogens leaded to a lower degree
of the mesophase order, from 3D Mhex in the
monometallic Zn(II) analogues (Popa et al.
2023) to 2D Colh in the polymetallic species
(Popa et al. 2023). The photophysical properties
of these metallomesogens were studied in
solution and in the condensate states. Thus, in
dichloromethane solution a violet emission (414
nm for 18 and 428 nm for 19) was observed the
red-shift of the emission maxima of complex 19
was attributed to vibrational motions caused by
the bridging alkyl chain that link the two zinc
containing units in case of 19. The influence of
the ferrocene unit in these hetero—polymetallic
metallomesogens was also reflected through a
red shift of the emission maxima in solution of
both discussed compounds compared to their
parent monometallic Zn(II) metallomesogen
without ferrocene units (405 nm). Furthermore,
by using different polarity solvents from polar
(DMSO) to apolar ones (hexane) or increasing
the polarity by gradually adding methanol to a
dichloromethane solution containing the
complex, significant changes in the
photophysical properties were observed. Thus,
by increasing the polarity of the media, an
enhancement of the intensity and a red-shift of
emission maxima was observed. Unfortunately,
in the liquid crystalline state the emission was
totally quenched when it was recorded at an
excitation wavelength of 490 and 580 nm which
correspond to the absorption of the molecule
forming the Colh arrangement. However, a
weak emission band centred at 430 nm was
observed when excited at Aex = 350 nm
emission attributed to the single non-aggregated
molecules.

Other strategy to obtain hetero—bimetallic
metallomesogens was by simply chemical
blending of Cu(Il) and Zn(Il) metallomesogens
that are structurally-related (Cretu et al. 2023).
Both metal complexes are hexacoordinated with
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an identical coordination sphere formed by the
chelation of one 1,10-phenanthroline ligand and
two functionalized gallate co-ligands (Figure
9a).

Even though the monometallic complexes
(Zn MM and Cu MM) were structurally
similar, the Zn(I) complex formed Colr
mesophase while the Cu(Il) complex self-
organized into Colh mesophase, their
isotropization temperature being around 100 °C.
By mixing these two monometallic complexes
in three different mass ratio (1:3, 1:1 and 3:1),
three chemical blends (20: ZnCu = 1:3, 21:
ZnCu = 1:1 and 22: ZnCu = 3:1) were obtained.

OCy2Hzs

CizHzs0” ~0C,H

In_MM ZnCux:y_MM Cu_MM

®

21

Zn_MM Cu_MM 20

™~
~

u Colr mColh

b)
Figure 9. Schematic representation of the proposed self-
assembly of the metallomesogenic precursors and the
blends (a); thermal behavior of the blends 20-22 and their
precursor (b)

Colh+Iso

From the mesomorphic point of view, all the
blends self-assembled into Colh phases. The
presence of the Cu(Il) complex in these blends
seem to stabilize the mesophase with higher
symmetry (Colh). Small differences in the
clearing temperature were observed, especially
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in case of blend 20 that contained a mixture of
Colh and isotropic liquid before isotropization
(Figure 9b). The photophysical properties of the
blends were recorded in the condensed phases,
and only the blend 20 was emissive in
mesophase with an emission maximum centered
at 520 nm (Aex = 350 nm) and a lifetime value
of 4.9 ns. The emission of 20 was similar to that
of monometallic Zn MM precursor in the
mesophase, while in case of 21 and 22, the non-
emissive behaviour was attributed to the
quenching effect of Cu_ MM. Moreover, a small
shoulder having the maximum at 445 nm was
observed in the emission spectra of blend 20,
assigned to Cu MM precursor emission.
Despite the quenching of the emission properties
in this case, this strategy of obtaining bimetallic
liquid crystalline systems by chemical blending
may shows potential due to the straightforward
synthesis compared to the classical ones.

CONCLUSIONS

In this short review, we outlined the homo— and
hetero—polymetallic luminescent liquid crystals
progress recorded in the last decade involving
different mono and polydentate ligands and
different metal centres such Ag(I), Au(l), Cu(I),
Pd(Il), Pt1l), Zn(l) and Cu(ll). Thus,
mesogenic or non-mesogenic ligands based on
isocyanide, hydrazine, imine, thiourea, halo,
phosphine, pyridyl, pyrazoles and carboxylate
derivatives were used to synthesize polymetallic
liquid crystalline metal complexes. Their
mesomorphic properties are influenced by a
series of factors as the length, number and
position of alkyl chains, the position of the
donor atoms involved in the metal ion
coordination that controls the type of the
resulting metal complex, the molecules’
symmetry and shape, etc. To design luminescent
metallomesogens, some additional aspects has
to be considered starting from choosing
appropriate metal ions that can induce emission
in the resulting metal complex or using highly
conjugated organic ligands with optical
properties. The emission properties of these
systems are highly influenced by the polarity of
the solution or molecular environment and the
aggregation phenomena. Additionally,
metallophilic interactions can be formed with
specific transition metal ions like Cu(I), Ag(I),
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Au(l) or Pt(Il), playing an important role in
tuning or altering the emission properties.
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SYNTHESIS, STRUCTURAL AND PHOTOPHYSICAL PROPERTIES OF A
NEW DITOPIC TERPYRIDINE-BASED PROLIGAND BEARING
DISELENIDE UNITS

Adelina A. ANDELESCUY", Evelyn POPA?, Elisabeta-lldyko SZERB!

Y“Coriolan Dragulescu” Institute of Chemistry, Romanian Academy, 24 Mihai Viteazu Blvd.,
300223 Timisoara, Romania

Abstract: The present paper describes the synthesis and characterization of a new ditopic proligand with two
terpiridines linked by a diselenide unit, obtained by a Steglich esterification procedure between a biscarboxylic acid
functionalized with a diselenide unit and 4-([2,2':6",2"-terpyridin]-4'-yl)phenol. The compound was characterized by FT-
IR, NMR (1D and 2D) and UV-Vis spectroscopies and ESI-MS analysis. Moreover, the photophysical properties of the
ditopic ligand were investigated in freshly prepared dichloromethane solution. The compound was found to be emissive
with a maximum centered at 354 nm.

Keywords: heterocycles; N-donor ligand; ditopic ligand; oligopyridines;

INTRODUCTION methodology, a wide variety of 4’-substituted
The molecule 2,2":6',2"-terpyridine (tpy) is a  tpy derivatives were reported (Kainat et al.
tridentate  ligand  with  three nitrogen  2024).

coordination sites (Mughal et al. 2020) and was Ditopic ligands, with two different, separated
first reported in 1932 by Morgan and Burstallas ~ metal-binding domains in their structures, can
one of 20 products of the reaction when they  form two types of coordination compounds:
heated pyridine and anhydrous iron(111) chloride homo and hetero multi-metallic complexes

in an autoclave (Morgan and Burstall 1932). (Salimova et al. 2020, Schafer et al. 2021)
Since then, tpy and its derivatives have received  The first of these are complexes in which both
attention due to their ability to easily form metal ligand fragments, coordinate the same metal ion.

complexes with main-group, d-block and Polymetallic complexes may be obtained using
lanthanide elements (Fallahpour 2002, Mughal ditopic  terpyridinyl  units  resulting in
et al. 2020). Tpy derivatives and their metal luminescent materials or electrochemical
complexes have been studied in supramolecular ~ sensors [Indelli et al. 1998, Andelescu et al.
chemistry and catalysis (Wey et al. 2019), 2024].

electrochemical sensors (Negrea et al. 2022, Moreover, the synthesis of ditopic tpy
Popa et al. 2023), as DNA binders and medicinal derivatives with an additional donor atom (such
chemistry (Abhijnakrishna et al. 2023), etc. as: sulphur or selenium) is of interest due to their
Various synthetic procedures have been  ability to bind nanoparticles (Yee et al. 2003,
employed for the synthesis of tpy scaffolds  Rudakovskaya et al. 2010, Romashkina et al.
(Fallahpour 2002, Kainat el al. 2024), such as 2013, Margandan et al. 2017, Popa et al. 2024).
cross-coupling [Li et al. 2011, Robo et al. 2014, On this background, we report the synthesis and
Zibaseresht 2019] or ring assembly methods  characterization of a new ditopic tpy proligand,
(Fernandes et al. 2018, Wang et al. 2019). namely bis(4-([2,2":6',2"-terpyridin]-4'-
Among them, the one-pot Kroéhnke reaction  yl)phenyl)6,6'-diselanediyldihexanoate (Figure
[Krohnke 1976] is the most commonly 1), which contains additionally an aromatic ring
employed method, and it involves the reaction on its structure, compared to the one previously
of two equivalents of a substituted reported by our group (Popa et al. 2024). Also,
acetylpyridine derivative with an aldehyde ina  the insertion of selenium atom into the structure
basic medium and in the presence of an may lead to compounds with potential
ammonia source. Following the Krohnke  applications as drugs (Banerjee etal. 2017). Due
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to the presence of three nitrogen rings, the
ditopic terpyridine-based ligand may find future
applications as coordination polymers (Shu et
al. 2022), whereas the presence of a diselenide
unit enables them to be studied as drug delivery
systems or anticancer drugs (Han et al. 2019).
The compound was structurally characterized by
FT-IR, NMR, and UV-Vis spectroscopies. The
proposed structure is supported by the ESI-MS
analysis. The photophysical properties of the
final compound were investigated in freshly
prepared dichloromethane solution.

Compund 3

Figure 1. Proposed chemical structure of the terpyridine
derivative.

MATERIALS AND METHODS
N,N'-dicyclohexylcarbodiimide  (DCC), 4-
dimethylaminopyridine (4-DMAP), 2-
acetylpyridine, 4-methoxybenzaldehyde,
anhydrous THF, and DMF were purchased from
Sigma Aldrich and used without any further
purification. The solvents used for the column
chromatography were purchased from Carlo
Erba. Neutral Al2O3 60 and spectrofluorimetric
grade dichloromethane were purchased from
VWR.

Melting point was determined by optical

microscopy using an Olympus BX53M
polarizing microscope (POM) equipped with a
Linkam hot-stage.

Infrared spectra (KBr pellets) in the range 4000-
400 cm™ range were recorded on a Cary 630 FT-
IR spectrophotometer.

The 'H-NMR spectra were recorded either on a
Bruker Fourier 300 MHz spectrometer or Bruker
Avance 300) in CDClz or DMSO-ds. 1D and 2D
NMR experiments were recorded on Bruker
Avance Il HD — 500 MHz spectrometer in
CDCla.

Spectrofluorimetric grade dichloromethane was
used for the photophysical investigations in
solution. The absorption spectrum in solution
was recorded on an Agilent Cary 60
spectrophotometer using quartz cuvettes of 1 cm
path length. The emission spectrum were
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recorded on Horiba Fluoromax Plus
spectrofluorometer. The luminescence quantum
yields of the samples in the solution were
recorded using a QuantaPhi-2 integrating sphere
with 121 mm internal diameter with reflectivity
from 250 to 2500 nm.

High-resolution mass spectral (HRMS) spectra
was recorded on Orbitrap 1Q-X Mass
Spectrometer from Thermo Scientific using an
electrospray ionization (ESI) technique. The
equipment was operated in positive-ion mode
and ion transfer parameters were optimized to
enable detection of ions in a m/z range between
150 and 2000. The employed parameters are
listed in Table 1. The system was externally
calibrated by using Pierce FlexMix Calibration
Solution from Thermo Scientific. The data was
collected in positive MS scan mode and
processed using Thermo Scientific Xcalibur 4.7
software.

Table 1. Employed parameters for ESI-MS technique

Source parameters Values

lonization mode Positive electrospray
ionization

Spray voltage 3200 V

Sheath gas flow rate 5 Arb

Auxiliary gas flow rate 2 Arb

Sweep gas flow rate 0 Arb

lon transfer tube | 300C

temperature

Vaporizer temperature 20TC

Acquisition parameters | Values

Detector type Orbitrap

Orbitrap resolution 120000

Scan range 400-1500 m/z

AGC target 100%

Injection time 100 ms

Syringe flow 5 pl/min

EXPERIMENTAL SECTION

Synthesis  of  4-([2,2":6",2"-terpyridin]-4'-
yl)phenol, 2

Compound 2 was obtained in two steps
following a reported procedure (Bahrami et al.
2017) and the results agree well with the
reported data.

11: white solid (0.91 g, 2.68 mmol, 65.6 %).
FT-IR (KBr, cm™): 2992 (vC-H); 1600 — 1431
(v (C=N)) and (v (C=C)).

'H-NMR (300 MHz, CDCl3, 8/ppm): 8.75 - 8.59
(m, 6H), 7.94-7.68 (m, 4H), 7.42-7.25 (m, 2H),
7.12-6.92 (m, 2H), 3.89 (s, 3H);
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Compound 2: pale grey solid (0.720 g, 2.21
mmol, 93 %).

FT-IR (KBr, cm™): 3250 (vOH, broad); 1616 —
1430 (v (C=N)) and (v (C=C)).

'H-NMR (300 MHz, DMSO-d6, 8/ppm): 8.77-
8.70 (d, 2H), 8.69-8.55(d, 4H), 8.07- 7.95 (td,
2H), 7.81 -7.60(m, 2H), 7.57- 7.43 (m, 2H),
7.00- 6.95(dd, 2H).

Synthesis of bis(4-([2,2":6",2"-terpyridin]-4'-
yl)phenyl) 6,6'-diselanediyldihexanoate, 3

0.09 g (0.23 mmol) of compound 1, 0.166 g
(0.51 mmol) of compound 2 and 22.65 mg
(0.1854 mmol) of 4-DMAP in 10 mL THF and
1 mL of DMF were stirred at room temperature
under argon atmosphere for 30 minutes, then
0.105 g (0.51 mmol) of DCC in 3 mL of THF
were added dropwise. The consumption of the
starting materials was monitored on TLC
(Al203: CHCls:hexane = 1:1). After 5 days, the
reaction mixture was taken to dryness, dissolved
in CHCI3, washed with distilled water (3x50
mL), the organic phase was dried over
anhydrous sodium sulfate, filtered and taken to
dryness. The residue was taken with AcOEt and
the undissolved precipitate was filtered (to
remove the DCU biproduct) and mother liquor
was taken to dryness. This procedure was
repeated 3 times. The pure compound was
isolated  after  purification on  column
chromatography using Al>O3 as stationary phase
in CHCls:hexane = 1:1, resulting in a yellow gel
(0.058 mmol, 25%).

Melting point: 83-85°C.

FT-IR (KBr, cm™): 1762 (vC=0); 1605 — 1412
(v (C=N)) and (v (C=C)).

'H-NMR (500 MHz, CDCls, &/ppm): 8.67 —
8.62 (m, 4H), 8.58 (dt, J = 7.9, 1.1 Hz, 2H), 7.86
— 7.82 (m, 2H), 7.80 (td, J = 7.7, 1.8 Hz, 2H),
7.27 (ddd, J =75, 4.8, 1.3 Hz, 2H), 7.18 — 7.15
(m, 2H),2.90 (t, J=7.4Hz, 2H), 255 (t,J=7.4
Hz, 2H), 1.81 — 1.71 (m, 4H), 1.50 (tdd, J = 9.9,
8.6, 5.1 Hz, 2H).

13C-NMR (126 MHz, CDCl3 8/ppm) & 171.88,
156.07, 155.88, 151.49, 149.38, 149.06, 136.99,
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136.02, 128.46, 123.90, 122.11, 121.43, 118.83,
34.27, 30.60, 29.68, 28.92, 24.41.
HR-MS  (CssH4sNeO4Sez+H):
1005.21442, found: 1005.21402

simulated:

RESULTS AND DISCUSSIONS

The preparation of compound 3, required the
synthesis of the starting materials: 6,6'-(1,2-
diselanediyl)dihexanoic acid, 1 and 4-
([2,2":6',2"-terpyridin]-4'-yl)phenol, 2.
6,6'-(1,2-diselanediyl)dihexanoic acid, 1 was
obtained and fully characterized in a previously
published paper of our group [Popa et al. 2024].
For the synthesis of 4-([2,2":6',2"-terpyridin]-4'-
yl)phenol, 2 a reported procedure was followed,
which involved a one-pot Kréhnke condensation
between 4-methoxybenzaldehyde and 2-
acetylpyridine, in a basic media [Bahrami et al.
2017]. The pure compound was isolated after a
recrystallization from methanol [Chen et al.
2018]. The intermediate 11 was then
demethylated under strong acidic conditions to
yield the desired compound 2. The reaction
pathway is presented in Scheme 1.

The desired compound 3, bis(4-([2,2":6',2"-
terpyridin]-4'-yl)phenyl) 6,6'-
diselanediyldihexanoate was obtained adapting
a procedure reported by our group (Scheme 1,
Popa et al. 2024), through a Steglich

esterification reaction between compound 1 and
2 equivalents of compound 2, using DCC as a
coupling reagent in the presence of 4-DMAP as
catalyst.
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Scheme 1. Reaction pathway for the synthesis of E 2.55,1,J= 34.27 D D,CF
compounds 2 and 3. Reagents and conditions: (i) KOH, 7.4 Hz, 2H
EtOH, NH4OH, AT, 24 hours; (iii) DCC, 4-DMAP, THF- A 290 (t,J= | 29.68 B -
DMF (10-1 V/V), inert atmosphere, r.t, 5 days; 7.4 Hz, 2H),
F - 171.88 - -
_ 1* 8.67 -8.62 | 149.06 2 2,3
Compound 3 was isolated as a yellow waxy (m, 4H)
solid. Its structure was proposed based on 2 7.27 (ddd,J | 123.90 1,3 |1,4,5,
spectroscopic methods: FT-IR, NMR (1D and =m, 2H) 6
2D) spectroscopy and MS spectrometry. 3 ;-gol(tgv HJ = | 13699 | 12 11,46
The first confirmation of the formation of the oH) “
desired compound 3, was gained from FT-IR 4 8.58 (dt,J= | 121.43 3 2,5,6
analysis through the shift of the characteristic 7.9,1.1 Hz,
absorption band of the carbonyl group (vc=0) 2H)
from 1694 cm™ in compound 1, to 1762 cm™ in g - 122'33 —
compound 3, which is characteristic of the C=0 7% 867-862 | 11883 - 456
bond in esters. Moreover, the stretching (m, 4H) 9,11,
vibration of the vc.se bond is identified at 635
cm™ in compound 1, and 640 cm™ in compound g - gggg - -
3 (Hellps et al. 2015). The main characteristic 0 86 782 12846 TR
gbsorptlon bands of the compound are reported (m, 2H) 12
in Table 2.
11 7.23-7.08 | 122.11 10 |9,12
Table 2. Assignment of the characteristic absorption (m, 2H)
bands of the starting materials and the final compound 3. 12 - 151.49 - -
Cpd | Assignment of the characteristic absorption * Peaks appear overlapped in *H-NMR spectra in
bands (wavenumber values in cm™) total 4H
V(c=0) V(C=N and C=C) V(C-Se)
1* 1694 - 635
2 - 1616 — 1430 - The *H-NMR spectrum (Figure 2) presented all
3 1762 1605 — 1412 641 the expected signals of the protons, and their
* Data reported in Popa et al. 2024 integration agrees with the proposed structure,

In order to confirm the proposed structure, 1D
and 2D NMR spectra were recorded on a Bruker
500 MHz instrument. This allowed us to fully
index all the protons and carbon atoms based on

'H-'H COSY (Correlation Spectroscopy),
HSQC  (Heteronuclear Single  Quantum
Coherence), and HMBC (Heteronuclear

Multiple Bond Correlation) experiments. The
results are summarized in Table 3.

Table 3. 1D and 2D NMR data of compound 3 recorded
in CDCl;

Atom H 13c COSY | HMBC
label
C 1.50 (tdd, J 28.92 B,D ADE
=9.9, 8.6,
5.1 Hz, 2H)
B,D 1.81-1.68, | 30.60 AEC | A D,
m, 4H (B), E, F,
24.41
(D)
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while the 3 C-NMR spectra contained all the
expected signals for the 18 carbon atoms from
half of the molecule.

12000

Figure 2. The 'H-NMR spectrum of compound 3 recorded
in CDCl3 and the atom labeling.
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Finally, the proposed structure is supported by
the ESI-MS analysis (Figure 3).
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Figure 4. Absorption (solid line) and emission (dashed
line) of compound 3 in CHCl; solution (c=5*10 mol/L).

Table 4. Photophysical properties of compound 3 in

solution (c= 5*10 mol/L).

Abs, Em, 0 /%
Sample  Amax/nM Amax/NM
(/M cm™)
1* 308 (640) - -
2%* 286, 330-410 384 -
3 252 (25512) 354 6.33
280 (29364)  (Aex=311
311 (9077) nm)

* Data reported by Popa et al. 2024
** Data recorded in ethanol solution reported by

Sierra et al. 2018
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Figure 3. Simulation vs. experimental MS spectra for

compound 3.

The photophysical properties of compound 3
(absorption, emission maxima and lifetimes of
the excited states) were determined in freshly

Structurally similar terpyridine ligands with
disulfide moieties were reported by Majouga et.
al 2010, but their photophysical properties were
not investigated, whereas in case of those with
diselenide units, there is only one reported by
our group (Popa et al. 2024) with its emission
maxima centered at 349 nm. Compared to the
compound reported in the present paper it
presents a small bathochromic shift of 5 nm. The
compound presented a quantum yield value of

prepared dichloromethane solution and the data
are presented in Figure 4 and summarized in
Table 4. From the absorption spectra several
information could be obtained: the absorptions
band from 252 and 280 nm are due to n-n* from
the tpy ring (Toledo et al. 2015), whereas the
shoulder centered at 311 nm may be due to the
diselenide bond (Back et al. 1983). It is well
known that the tpy scaffolds present
fluorescence properties at room temperature
(Costa et al. 2015), therefore the emission
spectrum was recorded after excitation at 311
nm, presenting an emission band centered 354
nm.

50

6.33 %.

Recently it was

mentioned

that linear

diselenides quenched fluorescence through a

synergistic combination

charge transfer, ICT
energy transfer,

of intramolecular
and Forster resonance

FRET (Ma et al. 2024).

Therefore, the low quantum yield value may be
attributed to the quenching effect of the

diselenide moiety.

CONCLUSIONS

A new terpyridine derivative containing a
diselenide unit was obtained and its structure
was confirmed based on FT-IR, NMR (1D and
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2D) investigations and HR-MS spectrometry. Its
optical properties were investigated in freshly
prepared dichloromethane solutions by UV-Vis
and fluorescence measurements.
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