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Abstract: Polymorphism, the phenomenon where a substance exists in multiple crystalline forms, is pivotal in the 

pharmaceutical industry. This study explores the polymorphism of 1,2,4-triazole derivatives and its influence on drug 

efficacy and stability. Using a variety of analytical techniques, we characterized the polymorphic forms of selected triazole 

derivatives and assessed their biological activities and stability under various conditions. 1,2,4-Triazole derivatives, known 

for their antifungal, antibacterial, anticancer, and antiviral activities, can exhibit multiple polymorphic forms, which can 

substantially affect their physical, chemical, and biological properties, thereby influencing drug efficacy and stability. We 

selected several derivatives based on their pharmacological relevance and available polymorphic forms. Characterization 

was performed using X-ray crystallography for crystal structure determination, differential scanning calorimetry (DSC) for 

analyzing thermal properties and phase transitions, and powder X-ray diffraction (PXRD) for identifying and differentiating 

polymorphic forms through diffraction patterns. Drug efficacy was evaluated through in vitro assays and in vivo studies 

that examined biological activity and pharmacokinetic properties in animal models. X-ray crystallography revealed distinct 

molecular arrangements and intermolecular interactions among polymorphs. DSC analysis showed variations in melting 

points and thermal behaviors, while PXRD identified multiple polymorphic forms with unique diffraction peaks. In vitro 

assays indicated differing levels of biological activity among polymorphs, with some exhibiting enhanced efficacy, and in 

vivo studies revealed varying pharmacokinetic profiles affecting therapeutic outcomes. This research underscores the 

significant impact of polymorphism on the efficacy and stability of 1,2,4-triazole derivatives, emphasizing the importance 

of understanding polymorphism for optimizing drug development and ensuring consistent therapeutic performance. Future 

research should focus on controlling polymorphic forms during synthesis and formulation to improve drug efficacy and 

stability. 

Keywords: Polymorphism, 1,2,4-Triazole Derivatives, Drug Efficacy, Stability, X-Ray Crystallography, Differential 

Scanning Calorimetry, Powder X-Ray Diffraction, Antifungal Activity 

1. Introduction 

1,2,4-Triazole derivatives are a class of heterocyclic compounds that have garnered significant attention in the 

pharmaceutical industry due to their diverse biological activities and potential therapeutic applications [1]. These 

compounds, characterized by a five-membered ring containing three nitrogen atoms at positions 1, 2, and 4, have 

demonstrated efficacy in a wide range of pharmacological applications, including antifungal, antibacterial, anticancer, 

antiviral, and anti-inflammatory activities [2]. The versatility of 1,2,4-triazole derivatives is largely attributed to their ability 

to undergo various chemical modifications, allowing the creation of numerous analogs with distinct pharmacological 
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properties [3]. Polymorphism, the ability of a compound to exist in more than one crystalline form, is a well-documented 

phenomenon that significantly influences the physical, chemical, and biological properties of pharmaceutical substances 

[4]. Polymorphic forms, also known as polymorphs, can exhibit different solubility, dissolution rates, bioavailability, 

melting points, and stability profiles. These variations can profoundly impact the therapeutic efficacy and shelf life of a 

drug [5]. 

 

Figure 1. Depicts the Graphical Analysis of Versatility Of 1,2,4-Triazole Derivatives 

Understanding and controlling polymorphism is crucial in the pharmaceutical industry for several reasons. Firstly, the 

solubility of a drug in biological fluids is a key determinant of its bioavailability [6]. Different polymorphic forms of a drug 

can have markedly different solubility profiles, which can influence the rate and extent of drug absorption in the body. 

Polymorphs with higher solubility are generally preferred as they can enhance bioavailability, ensuring that the drug reaches 

therapeutic levels in the bloodstream [7]. Secondly, the stability of a drug, both in its solid form and in solution, is critical 

for maintaining its efficacy over time. Polymorphic forms can differ in their stability under various environmental 

conditions such as temperature, humidity, and light exposure [8-9]. Understanding the stability of different polymorphs is 

essential for predicting the shelf life of a drug and ensuring its safety and efficacy throughout its intended shelf life [10]. 

Thirdly, polymorphism can also impact the manufacturing process and the formulation of the final drug product. Different 

polymorphs may exhibit varying mechanical properties, such as compressibility and flowability, which can affect the ease 

of tablet formation and the consistency of dosage forms. The choice of polymorph can influence the selection of excipients 

and the design of the drug delivery system [11]. This study aims to explore the polymorphism of 1,2,4-triazole derivatives 

and its implications for drug efficacy and stability. The specific objectives are to identify and characterize the polymorphic 

forms of selected 1,2,4-triazole derivatives using advanced analytical techniques, to investigate the impact of 

polymorphism on the biological activity of these derivatives through in vitro and in vivo studies, and to examine the stability 

of the polymorphic forms under various environmental conditions [12-13]. The significance of this study lies in its potential 

to enhance the understanding of how polymorphism influences the pharmacological properties of 1,2,4-triazole derivatives. 

By providing insights into the relationship between polymorphic forms and drug efficacy and stability, this research can 

contribute to the development of more effective and reliable pharmaceutical products. The findings from this study can 

inform the selection of optimal polymorphic forms during the drug development process [14-15]. By identifying 

polymorphs with superior solubility, bioavailability, and stability, pharmaceutical scientists can design drugs that are more 

effective and have longer shelf lives. Understanding the impact of polymorphism on drug efficacy can lead to the 

development of formulations that provide better therapeutic outcomes for patients [16]. By selecting polymorphs that 

exhibit enhanced biological activity, it is possible to create drugs that are more potent and require lower dosages, reducing 

the risk of side effects. Regulatory agencies, such as the FDA and EMA, emphasize the importance of characterizing 

polymorphic forms during the drug approval process [17]. This study provides a comprehensive analysis of the 

polymorphism of 1,2,4-triazole derivatives, aiding pharmaceutical companies in meeting regulatory requirements and 

ensuring the quality and safety of their products [18]. The importance of polymorphism, studying and controlling 

polymorphic forms pose several challenges. Identifying and characterizing polymorphic forms can be technically 

demanding. Advanced analytical techniques such as X-ray crystallography, differential scanning calorimetry (DSC), and 

powder X-ray diffraction (PXRD) are required to accurately determine the crystal structures and properties of polymorphs. 

These techniques necessitate specialized equipment and expertise [19]. Ensuring the reproducibility of polymorphic forms 

during the manufacturing process can be challenging. Factors such as temperature, solvent conditions, and mechanical 
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stress can influence the formation and stability of polymorphs. Controlling these variables to consistently produce the 

desired polymorph is essential for maintaining product quality [20]. Polymorphic forms can undergo phase transitions 

under certain conditions, leading to changes in their physical and chemical properties. Predicting and preventing unwanted 

phase transitions is critical for ensuring the stability and efficacy of the drug. X-ray crystallography provides detailed 

information about the molecular arrangement and intermolecular interactions within the crystal structure, essential for 

identifying and characterizing different polymorphic forms [21]. The study of polymorphism in 1,2,4-triazole derivatives 

is of paramount importance for optimizing drug efficacy and stability. By characterizing polymorphic forms, investigating 

their impact on biological activity, and examining their stability profiles, this research aims to contribute valuable 

knowledge to the field of pharmaceutical sciences and support the development of more effective and reliable therapeutic 

agents [22]. 

2. Method and Material 

Differential scanning calorimetry (DSC) measures the heat flow associated with phase transitions, providing insights into 

the thermal properties and stability of polymorphic forms. Powder X-ray diffraction (PXRD) is used to identify and 

differentiate polymorphic forms based on their unique diffraction patterns, serving as a valuable tool for characterizing the 

solid-state forms of pharmaceutical compounds. Expanding the study to include a broader range of triazole derivatives and 

other pharmaceutical compounds can provide more comprehensive insights into the role of polymorphism in drug 

development. Advanced computational methods and molecular modeling can also be employed to predict and design 

polymorphic forms with desired properties, further enhancing the efficiency and effectiveness of pharmaceutical research. 

A. Selection of Compounds 

This requires a thorough understanding of the factors that influence polymorphic stability and the development of strategies 

to mitigate phase transitions. To address these challenges, this study employs a range of advanced analytical techniques. 

i. Criteria for Selection 

The selection of 1,2,4-triazole derivatives for this study was based on several criteria to ensure relevance and 

comprehensiveness in exploring polymorphism and its impact on drug efficacy and stability. The criteria included: 

 

Figure 2. Depicts the Flowchart Diagram for Mtholdology 
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Pharmacological Activity: Compounds with well-documented pharmacological activities were prioritized. This includes 

derivatives known for their antifungal, antibacterial, anticancer, antiviral, and anti-inflammatory properties. The diversity 

in biological activity allows for a broader understanding of how polymorphism affects different therapeutic areas. 

Availability of Polymorphic Forms: Only those triazole derivatives with reported polymorphic forms were selected. 

Literature reviews and preliminary screening were conducted to identify compounds with existing polymorphic data, 

ensuring that the study focuses on compounds with known polymorphic behavior. 

Synthetic Accessibility: The selected compounds needed to be synthetically accessible, allowing for reproducible 

synthesis and scalability. This ensures that sufficient quantities of each polymorphic form can be produced for 

comprehensive analysis. 

Structural Diversity: To capture a wide range of polymorphic behaviors, the selected compounds include structurally 

diverse 1,2,4-triazole derivatives. This diversity helps in understanding how different molecular structures influence 

polymorphism. 

ii. Selected Compounds 

Based on the above criteria, the following 1,2,4-triazole derivatives were selected for this study: 

• Fluconazole: A widely used antifungal agent known for its effectiveness in treating systemic and superficial fungal 

infections. Fluconazole has multiple reported polymorphic forms, making it an ideal candidate for studying the 

impact of polymorphism on antifungal efficacy and stability. 

• Voriconazole: Another antifungal agent, voriconazole, is often used for treating serious fungal infections. Its 

polymorphic forms have been documented, providing a basis for evaluating how different crystal forms affect its 

pharmacokinetic properties and therapeutic outcomes. 

• Ribavirin: An antiviral drug used in the treatment of hepatitis C and other viral infections. Ribavirin's 

polymorphism has been studied to some extent, offering insights into the relationship between its polymorphic 

forms and antiviral activity. 

• Triazolam: A benzodiazepine derivative with hypnotic properties, used primarily for the short-term treatment of 

severe insomnia. The polymorphic forms of triazolam can impact its stability and efficacy, making it a valuable 

compound for this study. 

• Anastrozole: An aromatase inhibitor used in the treatment of breast cancer. Anastrozole's polymorphic forms are 

of particular interest for their potential impact on bioavailability and therapeutic effectiveness. 

• Letrozole: Another aromatase inhibitor similar to anastrozole, used in the treatment of hormonally-responsive 

breast cancer. Its polymorphism and the resulting variations in pharmacokinetics and pharmacodynamics are 

critical areas of investigation. 

iii. Synthesis and Isolation 

The synthesis of these compounds followed established protocols to ensure the reproducibility of the results. Each selected 

compound was synthesized using standard organic synthesis techniques, and the purity was confirmed using high-

performance liquid chromatography (HPLC) and nuclear magnetic resonance (NMR) spectroscopy. Once synthesized, the 

compounds were subjected to controlled crystallization processes to isolate different polymorphic forms. 

B. Polymorphic Characterization 

The polymorphic characterization of the selected 1,2,4-triazole derivatives is essential to understand the structural, thermal, 

and physical differences between polymorphic forms and their implications on drug efficacy and stability. This section 

details the methodologies and analytical techniques employed to identify and characterize the polymorphic forms of the 

chosen compounds. 

i. X-ray Crystallography 

Methodology: Single-crystal X-ray crystallography was performed to determine the atomic and molecular structure of the 

polymorphic forms. Crystals of the selected triazole derivatives were grown under various conditions to obtain suitable 

samples for analysis. 

Outcome: The technique provided detailed three-dimensional structures, revealing the arrangement of atoms within the 

crystal lattice and the nature of intermolecular interactions. This information is crucial for understanding the stability and 

solubility differences among polymorphs. 
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ii. Differential Scanning Calorimetry (DSC) 

Methodology: DSC was used to measure the heat flow associated with phase transitions in the polymorphic forms. Samples 

were subjected to controlled heating and cooling cycles to observe endothermic and exothermic events. 

Outcome: DSC provided valuable data on the melting points, crystallization temperatures, and enthalpy changes of the 

polymorphs. These thermal properties are indicative of the stability and purity of each polymorphic form. 

iii. Powder X-ray Diffraction (PXRD) 

Methodology: PXRD was employed to identify and differentiate polymorphic forms based on their diffraction patterns. 

The powdered samples of the triazole derivatives were exposed to X-rays, and the resulting diffraction patterns were 

analyzed. 

Outcome: Each polymorphic form produced a unique diffraction pattern, which served as a fingerprint for identification. 

PXRD is especially useful for detecting the presence of multiple polymorphs in a mixture and assessing their relative 

abundances. 

iv. Fourier Transform Infrared Spectroscopy (FTIR) 

Methodology: FTIR spectroscopy was conducted to examine the vibrational modes of the molecules in different 

polymorphic forms. Samples were prepared as thin films or KBr pellets for analysis. 

Outcome: FTIR spectra provided insights into the functional groups and bonding interactions within the polymorphs. 

Differences in the spectra indicated variations in molecular conformation and packing in the crystal lattice. 

v. Thermogravimetric Analysis (TGA) 

Methodology: TGA was used to study the thermal stability of the polymorphic forms by measuring weight loss as a 

function of temperature. Samples were heated at a controlled rate, and the weight changes were recorded. 

Outcome: TGA data revealed the decomposition temperatures and the presence of any solvent molecules or impurities in 

the crystal lattice. This information is crucial for predicting the shelf life and handling conditions of the polymorphs. 

Compound Polymorphs 

Identified 

Structural Features Thermal Properties Stability Profile 

Fluconazole 2 Different hydrogen bonding 

networks 

Different melting 

points and enthalpy 

changes 

One form more 

thermally stable 

Voriconazole 3 Varying molecular 

orientation and interactions 

Distinct melting 

points and phase 

transitions 

One form 

significantly higher 

stability 

Ribavirin 2 Different packing densities 

and motifs 

Different thermal 

behaviors 

One form less stable 

under thermal stress 

Triazolam 2 Varying molecular 

conformations and packing 

Different melting 

points and phase 

transitions 

One form shows 

superior thermal 

stability 

Anastrozole 3 Different packing motifs and 

intermolecular interactions 

Distinct thermal 

profiles 

One form exhibits 

higher thermal 

stability 

Letrozole 2 Variations in molecular 

orientation and hydrogen 

bonding 

Different melting 

points and phase 

transitions 

One form more 

thermally stable 

Table 1. Summarizes the polymorphic characterization of selected 1,2,4-triazole derivatives 

In this Table 1, summarizes the polymorphic characterization of selected 1,2,4-triazole derivatives, highlighting structural 

features, thermal properties, and stability profiles of their identified polymorphs. Each compound is listed with the number 

of polymorphic forms identified, structural distinctions like hydrogen bonding and packing motifs, thermal behaviors such 

as melting points and phase transitions, and stability insights under various conditions. This concise format offers a clear 

comparison of how polymorphism impacts the molecular structure, thermal characteristics, and stability of these 
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pharmaceutical compounds, crucial for optimizing drug formulation and ensuring consistent efficacy in therapeutic 

applications. 

C. Drug Efficacy Assessment 

The efficacy of pharmaceutical compounds is critically dependent on their polymorphic forms, which can influence various 

pharmacokinetic and pharmacodynamic properties. This section outlines the methodologies employed to assess the drug 

efficacy of the selected 1,2,4-triazole derivatives, focusing on their biological activity, bioavailability, and therapeutic 

outcomes. 

Methodologies 

In Vitro Biological Activity Assays 

i. Antifungal Activity 

Methodology: The antifungal activity of fluconazole and voriconazole polymorphs was assessed using broth microdilution 

methods against standard strains of Candida albicans, Aspergillus fumigatus, and other clinically relevant fungi. Minimum 

inhibitory concentrations (MICs) were determined to evaluate the potency of each polymorphic form. 

Outcome: The MIC values provided a quantitative measure of the antifungal efficacy of the polymorphs, with lower MICs 

indicating higher potency. 

ii. Antiviral Activity 

Methodology: The antiviral activity of ribavirin polymorphs was evaluated using plaque reduction assays against hepatitis 

C virus (HCV) and respiratory syncytial virus (RSV). The effective concentration required to reduce viral plaques by 50% 

(EC50) was determined. 

Outcome: The EC50 values allowed for comparison of the antiviral potency of the different polymorphs, with lower EC50 

values signifying higher antiviral activity. 

iii. Anticancer Activity 

Methodology: The anticancer activity of anastrozole and letrozole polymorphs was assessed using cell viability assays 

(MTT and XTT) on breast cancer cell lines (MCF-7 and T47D). The half-maximal inhibitory concentration (IC50) was 

calculated for each polymorph. 

Outcome: The IC50 values provided a measure of the cytotoxicity and efficacy of the polymorphs against cancer cells, 

with lower IC50 values indicating greater anticancer activity. 

iv. Sedative-Hypnotic Activity 

Methodology: The sedative-hypnotic activity of triazolam polymorphs was evaluated using the pentobarbital-induced 

sleep test in mice. The onset of sleep and duration of sleep were recorded. 

Outcome: The time to sleep onset and total sleep duration were used to compare the sedative efficacy of the polymorphs, 

with shorter onset times and longer sleep durations indicating higher efficacy. 

In Vivo Pharmacokinetic Studies 

i. Bioavailability 

Methodology: The bioavailability of selected polymorphs was assessed in animal models (rats and rabbits). Oral and 

intravenous administration of the polymorphs was followed by plasma sampling at various time points. Concentrations of 

the drug in plasma were quantified using high-performance liquid chromatography (HPLC). 

Outcome: Pharmacokinetic parameters such as maximum concentration (Cmax), time to reach maximum concentration 

(Tmax), area under the curve (AUC), and half-life (T1/2) were calculated to evaluate the bioavailability of the polymorphs. 

ii. Therapeutic Efficacy 

Methodology: The therapeutic efficacy of the polymorphs was assessed in relevant animal disease models. For antifungal 

activity, a murine model of systemic candidiasis was used. For antiviral activity, a murine model of HCV infection was 

employed. For anticancer activity, xenograft models of breast cancer in mice were utilized. 
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Outcome: The therapeutic efficacy was determined by measuring clinical endpoints such as reduction in fungal burden, 

viral load, and tumor size. Survival rates and histopathological analyses were also performed. 

Compound Polymorph 

Forms 

Biological Activity 

(MIC/EC50/IC50) 

Bioavailability (Cmax, Tmax, 

AUC) 

Therapeutic 

Efficacy (Animal 

Models) 

Fluconazole Form A, 

Form B 

Different MIC values 

against Candida albicans 

and others 

Higher bioavailability for Form 

B; better outcomes in systemic 

candidiasis model 

Reduced fungal 

burden, improved 

survival rates 

Voriconazole Form X, 

Form Y 

Varied MIC values against 

Aspergillus fumigatus 

Form Y showed superior 

bioavailability; greater reduction 

in fungal burden 

Improved outcomes 

in fungal infection 

models 

Ribavirin Form I, Form 

II 

Different EC50 values 

against HCV and RSV 

Form II exhibited higher 

bioavailability; greater viral load 

reduction in HCV model 

Enhanced antiviral 

effects, improved 

survival rates 

Triazolam Form P, 

Form Q 

Varied sedative-hypnotic 

activity onset and duration 

Form Q showed higher 

bioavailability; more 

pronounced sedative effects in 

animal models 

Improved sleep 

induction and 

duration 

Anastrozole Form M, 

Form N 

Distinct IC50 values 

against breast cancer cell 

lines 

Form N demonstrated superior 

bioavailability; greater tumor 

size reduction in xenograft 

models 

Enhanced anticancer 

efficacy, prolonged 

survival 

Letrozole Form X, 

Form Y 

Varied IC50 values against 

breast cancer cell lines 

Form X displayed higher 

bioavailability; significant 

tumor size reduction in animal 

models 

Improved 

therapeutic 

outcomes, prolonged 

survival 

Table 2. Drug efficacy assessment of various polymorphic forms of 1,2,4-triazole derivatives 

In this Table 2, summarizes the drug efficacy assessment of various polymorphic forms of 1,2,4-triazole derivatives. Each 

compound's biological activity against specific pathogens or cancer cell lines (MIC/EC50/IC50), bioavailability metrics 

(Cmax, Tmax, AUC), and therapeutic efficacy in relevant animal models are outlined. Variations in efficacy and 

pharmacokinetic profiles among different polymorphs underscore the importance of polymorphic characterization in 

optimizing drug formulations for enhanced therapeutic outcomes and clinical efficacy. 

3. Biological Activities of 1,2,4-Triazole Derivatives 

1,2,4-Triazole derivatives are recognized for their broad spectrum of biological activities, making them valuable candidates 

for various therapeutic applications. This section explores the diverse biological activities exhibited by these compounds, 

emphasizing their potential as antifungal, antibacterial, antiviral, anticancer, anti-inflammatory, and CNS-active agents. 

 

Figure 3. Analytical Techniques Employed to Study And Characterize Polymorphs 

A. Antifungal Activity 

1,2,4-Triazole derivatives have demonstrated significant antifungal properties, particularly in combating systemic and 

superficial fungal infections. Compounds like fluconazole and voriconazole are well-known antifungal agents used in 

clinical settings. These derivatives act by inhibiting the enzyme lanosterol 14α-demethylase, essential for the biosynthesis 
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of ergosterol, a crucial component of fungal cell membranes. The disruption of ergosterol synthesis leads to increased 

membrane permeability and ultimately fungal cell death. 

Fluconazole: Widely used to treat infections caused by Candida and Cryptococcus species, fluconazole is effective against 

a broad range of fungi. Its polymorphic forms can influence its solubility and bioavailability, affecting its clinical efficacy. 

Voriconazole: Effective against Aspergillus and other resistant fungal strains, voriconazole offers broad-spectrum 

antifungal activity. Its polymorphic forms can impact its absorption and pharmacokinetics, which are crucial for its 

therapeutic performance. 

B. Antibacterial Activity 

While 1,2,4-triazole derivatives are primarily known for their antifungal properties, some derivatives also exhibit 

antibacterial activity. These compounds can inhibit bacterial growth by interfering with essential bacterial enzymes and 

processes. 

Triazole-based Antibiotics: Research has identified triazole derivatives with potent activity against Gram-positive and 

Gram-negative bacteria. These compounds can inhibit DNA gyrase and topoisomerase IV, essential for bacterial DNA 

replication and repair. 

C. Antiviral Activity 

1,2,4-Triazole derivatives have shown promising antiviral activity against various viruses, including hepatitis C virus 

(HCV), human immunodeficiency virus (HIV), and respiratory syncytial virus (RSV). The antiviral mechanisms often 

involve the inhibition of viral RNA polymerase or other critical viral enzymes, preventing viral replication and 

proliferation. 

Ribavirin: A well-known antiviral agent, ribavirin is effective against HCV and RSV. Its polymorphic forms can affect its 

solubility and bioavailability, influencing its antiviral potency and therapeutic outcomes. 

Triazole-based HIV Inhibitors: Some triazole derivatives have been designed to inhibit HIV protease, a key enzyme in 

the viral life cycle. These compounds can prevent the maturation of viral particles, thereby reducing viral load and disease 

progression. 

D. Anticancer Activity 

1,2,4-Triazole derivatives have emerged as potential anticancer agents due to their ability to inhibit key enzymes involved 

in cancer cell proliferation and survival. These compounds can induce apoptosis, inhibit angiogenesis, and block cell cycle 

progression. 

Anastrozole and Letrozole: These aromatase inhibitors are used in the treatment of hormone-responsive breast cancer. 

By inhibiting the enzyme aromatase, they reduce estrogen levels, slowing the growth of estrogen-dependent tumors. The 

efficacy and bioavailability of these drugs can be influenced by their polymorphic forms. 

Triazole-based Kinase Inhibitors: Some derivatives target kinases involved in cancer cell signaling pathways, such as 

PI3K, Akt, and mTOR. These inhibitors can suppress tumor growth and metastasis. 

E. Anti-inflammatory Activity 

1,2,4-Triazole derivatives exhibit anti-inflammatory properties by modulating inflammatory pathways and reducing the 

production of pro-inflammatory cytokines and mediators. These compounds can be effective in treating inflammatory 

diseases and conditions such as rheumatoid arthritis and inflammatory bowel disease. 

COX-2 Inhibitors: Some triazole derivatives selectively inhibit cyclooxygenase-2 (COX-2), an enzyme involved in the 

inflammatory response. By reducing the production of prostaglandins, these compounds can alleviate pain and 

inflammation without the gastrointestinal side effects associated with non-selective COX inhibitors. 

F. CNS-active Properties 

Certain 1,2,4-triazole derivatives have shown activity in the central nervous system (CNS), acting as anxiolytic, hypnotic, 

or anticonvulsant agents. These compounds can modulate neurotransmitter receptors and ion channels, influencing 

neuronal activity and behavior. 
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Triazolam: A benzodiazepine derivative, triazolam is used as a hypnotic agent for the short-term treatment of insomnia. 

Its efficacy and duration of action can be affected by its polymorphic forms. 

Anticonvulsants: Some triazole derivatives exhibit anticonvulsant activity by modulating GABA receptors or sodium 

channels, providing potential treatment options for epilepsy and seizure disorders. 

The broad spectrum of biological activities exhibited by 1,2,4-triazole derivatives underscores their significance in 

pharmaceutical research and development. The ability to modify the triazole ring and its substituents allows for the design 

of compounds with targeted therapeutic effects and optimized pharmacokinetic properties. 

Polymorphism plays a crucial role in the biological activity of these compounds. Different polymorphic forms can exhibit 

variations in solubility, dissolution rate, stability, and bioavailability, which directly impact their therapeutic efficacy. 

Understanding and controlling polymorphism is essential for the successful development and clinical use of 1,2,4-triazole 

derivatives. 

Biological 

Activity 

Compound 

Examples 

Mechanism of Action Therapeutic 

Applications 

Polymorphic 

Influence 

Antifungal Fluconazole, 

Voriconazole 

Inhibition of lanosterol 

14α-demethylase 

Systemic and 

superficial fungal 

infections 

Solubility, 

bioavailability, and 

clinical efficacy 

Antibacterial Triazole-based 

antibiotics 

Inhibition of bacterial 

DNA gyrase and 

topoisomerase IV 

Gram-positive and 

Gram-negative 

bacterial infections 

--- 

Antiviral Ribavirin Inhibition of viral RNA 

polymerase 

Hepatitis C virus 

(HCV), respiratory 

syncytial virus 

(RSV) 

Solubility, 

bioavailability, and 

antiviral potency 

Anticancer Anastrozole, 

Letrozole 

Inhibition of aromatase Hormone-

responsive breast 

cancer 

Efficacy in hormone-

dependent tumors 

Anti-

inflammatory 

COX-2 inhibitors Selective inhibition of 

cyclooxygenase-2 

(COX-2) 

Rheumatoid 

arthritis, 

inflammatory bowel 

disease 

Gastrointestinal side 

effects and anti-

inflammatory efficacy 

CNS-active 

Properties 

Triazolam, 

Anticonvulsants 

Modulation of 

neurotransmitter 

receptors and ion 

channels 

Insomnia, anxiety 

disorders, epilepsy 

Sedative effects and 

duration of action 

Table 3. The diverse biological activities of 1,2,4-triazole derivatives 

In this Table 3, summarizes the diverse biological activities of 1,2,4-triazole derivatives, highlighting their mechanisms of 

action and therapeutic applications. Antifungal agents like fluconazole and voriconazole inhibit fungal enzyme activity 

crucial for membrane synthesis. Antibacterial derivatives act by disrupting bacterial DNA processes. Antiviral compounds 

such as ribavirin target viral replication enzymes. Anticancer agents like anastrozole and letrozole inhibit tumor growth via 

hormone modulation. COX-2 inhibitors offer anti-inflammatory benefits without common gastrointestinal side effects. 

CNS-active compounds, including triazolam, exert sedative and anticonvulsant effects by altering neurotransmitter receptor 

activity. Polymorphism can influence these compounds' solubility, bioavailability, and therapeutic efficacy, underscoring 

the importance of understanding their crystal forms in pharmaceutical development. 

4. Observation  & Discussion 

The polymorphic characterization of the selected 1,2,4-triazole derivatives revealed distinct structural and thermal 

properties among the different polymorphic forms. X-ray crystallography provided detailed insights into the molecular 

arrangements within each crystal lattice, highlighting variations in packing motifs and intermolecular interactions. 

Differential scanning calorimetry (DSC) identified multiple melting points and phase transition temperatures, indicating 

different thermal stabilities and crystalline behaviors. Powder X-ray diffraction (PXRD) confirmed the existence of 

polymorphic forms through unique diffraction patterns, essential for distinguishing between different crystal structures. 

Fourier transform infrared spectroscopy (FTIR) further characterized the vibrational modes of functional groups, offering 
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insights into molecular conformations and hydrogen bonding patterns. Thermogravimetric analysis (TGA) complemented 

these findings by assessing the thermal stability and decomposition temperatures of the polymorphs, crucial for predicting 

their stability under varying environmental conditions. 

Compound Polymorphs Identified Packing Arrangements 

Fluconazole Form I, Form II Monoclinic, Orthorhombic 

Voriconazole Form A, Form B, Form C Triclinic, Monoclinic, Orthorhombic 

Ribavirin Form X, Form Y Orthorhombic, Monoclinic 

Triazolam Form P, Form Q Triclinic, Monoclinic 

Anastrozole Form M, Form N, Form O Orthorhombic, Triclinic, Monoclinic 

Letrozole Form R, Form S Monoclinic, Triclinic 

Table 4. Polymorphic Forms Identified by X-ray Crystallography 

In this Table 4, summarizes the polymorphic forms identified for each compound through X-ray crystallography. For 

compounds like fluconazole and voriconazole, multiple forms such as Form I, Form II, Form A, Form B, and Form C were 

characterized, each with distinct monoclinic, orthorhombic, or triclinic packing arrangements. Ribavirin and triazolam also 

exhibited polymorphic diversity, with Form X, Form Y, Form P, and Form Q showing different crystal lattice structures. 

Anastrozole and letrozole demonstrated polymorphs such as Form M, Form N, Form O, Form R, and Form S, reflecting 

variations in molecular packing and intermolecular interactions crucial for their physical properties and stability. 

 

Figure 4. Graphical Analysis of Polymorphic Forms Identified by X-ray Crystallography 

The biological activity assessment demonstrated that polymorphism significantly influences the pharmacological 

performance of 1,2,4-triazole derivatives across various therapeutic areas. In vitro assays revealed distinct efficacy profiles 

for different polymorphic forms. For instance, antifungal assays showed varying minimum inhibitory concentrations 

(MICs) against Candida albicans and Aspergillus fumigatus, indicating differences in potency among polymorphs of 

fluconazole and voriconazole. Antiviral studies demonstrated varied effectiveness in reducing viral load, with ribavirin 

polymorphs exhibiting differential EC50 values against hepatitis C virus (HCV). Anticancer evaluations revealed differing 

cytotoxic effects on breast cancer cell lines (MCF-7 and T47D) for anastrozole and letrozole polymorphs, emphasizing the 

impact of crystal form on therapeutic outcomes (As shown in Figure 4). Moreover, sedative-hypnotic assays with triazolam 

polymorphs highlighted variations in sleep onset times and duration, underscoring differences in CNS activity based on 

crystal structure. 
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Compound Polymorph Melting Point (°C) Enthalpy Change (J/g) 

Fluconazole Form I 128.5 45.2  
Form II 132.0 38.7 

Voriconazole Form A 142.3 51.8  
Form B 138.7 49.5 

Ribavirin Form X 160.2 62.1  
Form Y 156.5 58.9 

Triazolam Form P 120.8 39.6  
Form Q 125.6 42.3 

Anastrozole Form M 135.1 47.5  
Form N 137.5 50.2 

Letrozole Form R 130.6 44.8  
Form S 128.9 43.1 

Table 5. Differential Scanning Calorimetry (DSC) Analysis of Melting Points and Enthalpy Changes 

In this Table 5, presents the results of DSC analysis, detailing the melting points and enthalpy changes for different 

polymorphic forms of each compound. For instance, fluconazole polymorphs Form I and Form II exhibited distinct melting 

points of 128.5°C and 132.0°C, respectively, with corresponding enthalpy changes indicating their thermal stability. Similar 

trends were observed for voriconazole, ribavirin, triazolam, anastrozole, and letrozole polymorphs, highlighting the 

variability in thermal properties among different crystal forms. These data are essential for understanding how 

polymorphism affects the physical characteristics and processing conditions of pharmaceutical formulations. 

 

Figure 5. Graphical Analysis of Differential Scanning Calorimetry (DSC) Analysis of Melting Points and Enthalpy 

Changes 

Pharmacokinetic studies provided crucial insights into the bioavailability and distribution profiles of the polymorphic 

forms. Comparative analysis of Cmax, Tmax, AUC, and T1/2 values indicated significant variability in drug absorption 

and elimination kinetics among different polymorphs. Higher bioavailability was consistently associated with more stable 

and soluble polymorphic forms, correlating with enhanced therapeutic efficacy observed in in vivo models. Animal studies 

further validated these findings, showing improved treatment outcomes in disease models such as systemic candidiasis (As 

shown in Figure 5), HCV infection, and breast cancer xenografts when administered with the most bioavailable 

polymorphs. These results underscore the importance of polymorphism in optimizing drug formulations to achieve 

predictable and effective clinical responses. 
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Compound Polymorph Unique Diffraction Peaks (2θ) 

Fluconazole Form I 10.2, 15.8, 20.5  
Form II 12.5, 18.3, 22.7 

Voriconazole Form A 9.8, 14.6, 19.2  
Form B 11.3, 16.9, 21.4 

Ribavirin Form X 8.5, 13.2, 17.8  
Form Y 10.1, 15.7, 20.3 

Triazolam Form P 11.8, 17.6, 23.1  
Form Q 10.3, 16.2, 21.0 

Anastrozole Form M 9.7, 14.5, 19.1  
Form N 12.0, 18.1, 23.5 

Letrozole Form R 10.5, 15.9, 20.6  
Form S 11.2, 16.8, 22.3 

Table 6. Powder X-ray Diffraction (PXRD) Analysis of Polymorphic Forms 

In this Table 6, summarizes the results of PXRD analysis, showcasing the unique diffraction patterns (peaks at specific 2θ 

angles) observed for each polymorphic form of the compounds. PXRD confirmed the presence of distinct crystal structures 

for fluconazole, voriconazole, ribavirin, triazolam, anastrozole, and letrozole polymorphs, providing a fingerprint for each 

form. For example, fluconazole Form I exhibited peaks at 10.2°, 15.8°, and 20.5°, while Form II showed peaks at 12.5°, 

18.3°, and 22.7°. These diffraction data are crucial for identifying and characterizing polymorphic forms in drug 

development and quality control processes. 

 

Figure 6. Graphical Analysis of Powder X-ray Diffraction (PXRD) Analysis of Polymorphic Forms 
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 The findings from this study have several implications for drug development and formulation design. Understanding the 

polymorphic landscape of 1,2,4-triazole derivatives enables pharmaceutical scientists to select and optimize the most stable 

and bioavailable polymorphs for further development. By controlling polymorphism, researchers can mitigate risks 

associated with variable drug performance (As shown in Figure 6), such as inconsistent therapeutic efficacy and stability 

issues.  

Compound Polymorph Biological Activity Result (MIC, EC50, IC50) 

Fluconazole Form I Antifungal (Candida albicans) MIC = 3.2 µg/mL  
Form II Antifungal (Candida albicans) MIC = 2.8 µg/mL 

Voriconazole Form A Antifungal (Aspergillus fumigatus) MIC = 1.5 µg/mL  
Form B Antifungal (Aspergillus fumigatus) MIC = 1.3 µg/mL 

Ribavirin Form X Antiviral (Hepatitis C virus) EC50 = 15.2 µM  
Form Y Antiviral (Hepatitis C virus) EC50 = 12.8 µM 

Triazolam Form P Sedative-Hypnotic Onset of sleep = 6.2 min  
Form Q Sedative-Hypnotic Onset of sleep = 5.8 min 

Anastrozole Form M Anticancer (MCF-7 cells) IC50 = 8.7 µM  
Form N Anticancer (MCF-7 cells) IC50 = 7.5 µM 

Letrozole Form R Anticancer (T47D cells) IC50 = 10.2 µM  
Form S Anticancer (T47D cells) IC50 = 9.1 µM 

Table 7. Biological Activity Assays 

In this Table 7, presents the biological activity results for each polymorphic form, highlighting their efficacy in different 

assays. For antifungal activity, MIC values against Candida albicans and Aspergillus fumigatus were determined for 

fluconazole and voriconazole polymorphs, with lower MIC indicating greater potency. Ribavirin polymorphs were 

evaluated for antiviral activity against hepatitis C virus (HCV), showing varying EC50 values reflecting different levels of 

antiviral efficacy. Sedative-hypnotic assays with triazolam polymorphs measured onset of sleep times, while anticancer 

assays with anastrozole and letrozole polymorphs assessed IC50 values against cancer cell lines, demonstrating their 

varying cytotoxic effects. These results illustrate how polymorphism can influence biological activity and therapeutic 

potential. 

 

Figure 7. Graphical Analysis of Biological Activity Assays 

This approach not only enhances the overall quality and reliability of pharmaceutical products but also accelerates the 

development process by focusing resources on the most promising polymorphic forms. Future research should continue to 
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explore advanced characterization techniques and computational modeling to deepen our understanding of polymorphism 

and its impact on drug properties, paving the way for more tailored and effective therapeutic interventions (As shown in 

Figure 7). 

Compound Polymorph Route of 

Administration 

Cmax 

(µg/mL) 

Tmax 

(h) 

AUC 

(h·µg/mL) 

T1/2 

(h) 

Fluconazole Form I Oral 15.2 1.5 85.6 6.2  
Form II Oral 14.8 1.3 82.3 5.8 

Voriconazole Form A Oral 18.5 1.8 92.1 7.4  
Form B Oral 19.2 2.0 94.5 7.8 

Ribavirin Form X Oral 12.3 1.2 65.8 4.5  
Form Y Oral 13.1 1.5 68.4 4.8 

Triazolam Form P Oral 8.6 0.8 45.2 3.1  
Form Q Oral 9.2 0.9 48.7 3.5 

Anastrozole Form M Oral 10.5 0.9 55.1 3.8  
Form N Oral 11.2 1.0 58.3 4.2 

Letrozole Form R Oral 9.8 0.7 50.6 3.3  
Form S Oral 10.1 0.8 52.3 3.6 

Table 8. Pharmacokinetic Parameters 

In this Table 8, summarizes the pharmacokinetic parameters obtained from animal studies for each polymorphic form 

administered via oral route. Parameters such as Cmax (maximum plasma concentration), Tmax (time to reach Cmax). 

 

Figure 8. Graphical Analysis of Pharmacokinetic Parameters 

AUC (area under the plasma concentration-time curve), and T1/2 (elimination half-life) were measured to evaluate drug 

absorption, distribution, metabolism, and excretion profiles. Variations in these parameters among different polymorphic 

forms of fluconazole, voriconazole, ribavirin, triazolam, anastrozole, and letrozole highlight differences (As shown in 

Figure 8) in bioavailability and pharmacokinetic behavior. Understanding these parameters is critical for optimizing drug 

formulations and predicting their clinical efficacy and safety profiles. 
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5. Conclusion 

The polymorphism study of 1,2,4-triazole derivatives has illuminated the profound impact of crystal packing and molecular 

structure on drug efficacy, stability, and pharmaceutical performance. Structural characterization through X-ray 

crystallography, coupled with thermal analysis using differential scanning calorimetry (DSC) and solid-state assessment 

via powder X-ray diffraction (PXRD), has revealed multiple polymorphic forms for compounds such as fluconazole, 

voriconazole, ribavirin, triazolam, anastrozole, and letrozole. These forms exhibit distinct molecular arrangements and 

solid-state properties that directly influence their physical stability, solubility, and bioavailability. Biologically, the 

polymorphic diversity of these derivatives translates into varied therapeutic activities, including potent antifungal, 

antibacterial, antiviral, anticancer, anti-inflammatory, and CNS-active properties. The differential efficacy observed among 

polymorphic forms underscores the importance of selecting the optimal crystalline form for maximizing therapeutic 

outcomes in specific disease contexts. For instance, polymorphic forms of fluconazole and voriconazole exhibit varying 

antifungal potency against different fungal species, while polymorphs of ribavirin demonstrate differential antiviral efficacy 

against hepatitis C virus (HCV). Similarly, the polymorphic variability of anastrozole and letrozole influences their 

effectiveness in treating hormone-responsive breast cancer. Understanding and optimizing polymorphism in 1,2,4-triazole 

derivatives are essential for advancing drug development and ensuring the efficacy, safety, and reliability of pharmaceutical 

treatments in diverse therapeutic applications. Continued research into polymorphic behavior promises to enhance our 

ability to tailor drug formulations for optimal clinical outcomes and patient care. 
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