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Understanding X-ray Crystallographic Diffraction of L-Menthol by Rietveld Refinement: Insight into Structural Symmetry and Lattice Volume



ABSTRACT 

	Highlighted the recent advances in the mechanism of crystallographic bibliography of L-Menthol crystals and to provide an overview of its application explored as well as its structural symmetry and lattice volume performance. The crystallographic analysis was explored by the X-ray diffraction (XRD) technique, and the surface morphology of L-Menthol crystals was depicted by polarized microscopic examination. The materials are composed of 100 % L-Menthol crystals and calculated lattice parameters a=b= 21.29Å, c= 6.038Å and angles α=β= 90° and γ= 120° for the hexagonal crystal system by Rietveld refinement. The crystallite sizes were calculated in Williamson-Hall plot 55.2 nm, Monshi-Scherrer model 58.3 nm, Size-strain plot model 66.1 nm, and Halder-Wagner model 62.5 nm; and the Scherrer model expressed at 63.03 nm. The calculated crystal strain is 0.256 %. The lower crystal strain suggests high stability of the phase in L-Menthol and mechanical properties. Lowering lattice volume 2371.126 Å³ in a structure typically refers to reducing the amount of material used to create a lattice structure of L-Menthol, often while maintaining or improving desired mechanical properties. The crystals exhibit a well-defined, hexagonal morphology with smooth, flat surfaces and sharp edges, which is characteristic of hexagonal L-Menthol crystals revealed by microscopic examination. 
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1.0 Introduction
Menthol (C10H20O) has a molecular weight of 156, is a naturally occurring cyclic terpene alcohol of plant origin, which gives plants of the Mentha species their distinctive smell and flavor. It was first isolated as a crystalline principle by the Dutch botanist Gambius [1]. However, Shimoyama asserted that the peppermint plant, the primary source of menthol, has been cultivated in Japan for medicinal purposes [1]. In the present day, menthol consumption is staggering, and exceeds 7000 tons annually, with a raw product value approaching $300 million [2]. Its use is multifold and includes oral hygiene products, confectionery, pharmaceuticals, cosmetics, pesticides and as a flavoring agent, to name but a few [2-3]. With regards to its medicinal purposes, menthol is currently available in both prescribed and over-the-counter (OTC) medications for a host of conditions, including gastrointestinal disorders, common cold and respiratory conditions, and musculoskeletal pain [3]. Additionally, its use in dermatology is widespread, where it is often incorporated into topical antipruritic, antiseptic, analgesic, and cooling formulations [4]. Despite menthol’s use since antiquity, the mechanism by which it can impart a cooling sensation when applied topically to the skin or mucous membrane remained a mystery until recently [5]. Although almost five years have passed since the discovery of a common receptor for menthol and low temperature, many dermatologists [6-7] are still unaware of menthol's underlying target [8-9]. Menthol and related cooling compounds, such as coolant agents, are widely used in products ranging from common cold medications to tubes of toothpaste, confectionery, cosmetics and pesticides [10]. The purpose of this study is to highlight the recent advances in the mechanism of crystallographic action of L-Menthol and to provide an overview of its application in industry and commercialization level, as well as its structural symmetry and lattice volume performance that could dominating the production and quality of the product. 

2.0 Materials and Methods
The supplied chemicals of menthol [L-Menthol: (1R, 2S, 5R)-5-methyl-2-propan-2-ylcyclohexan-1-ol] were procured from Jolly Chemicals, Dhaka-1205, Bangladesh. The menthol crystals are kept in a desiccator to avoid moisture and other contamination. It's stored in a cool, dry place away from direct heat and sunlight. The investigation only research and development (R & D) purposes.

3.0 Characterization
3.1 X-ray Diffraction
The crystallographic bibliography of the synthesized powdered sample is collected from an XRD by a Smart Lab SE, [Rigaku, Japan] instrumentation [11]. The minimum voltage required is 20.0 kV to operate the instrument. A copper X-ray tube (CuKα, λ= 1.54060 Å) is used [12] to generate characteristic X-rays while keeping the voltage at 40.0 kV and the current at 50.0 mA. Inside the tube, a high voltage energy falls on the tungsten (W) filament, resulting in a thermionic emission which further falls on the Cu anode to create characteristic rays [13]. Initially, the produced rays are continuous with low intensity, known as Bremsstrahlung X-rays, which further convert to characteristic X-rays with high intensity upon increasing the voltage [14]. The chiller temperature is maintained at about 23.0 ℃ with a continuous water flow rate of 4.6-4.8 L/minute to support the copper X-ray tube [15]. Characteristic Kα rays are generated from the K shell of the Cu material and pass through a Beryllium (Be) window. To obtain the desired characteristic rays, a nickel-based Kβ filter is used [16], which passes the Kα rays, hindering the passage of Kβ rays. Bragg-Brentano (BB) geometry and standard operation mode are used for all experiments, and a silicon reference is used to calibrate the machine [17]. The investigation is carried out using a 1D scan mode with a duration of 10º/ minute and a step size of 0.01º. The scan range was 5.0 to 100.0º with an incident ray angle of 2.5º and a length slit of 10.0 mm in the absence of light. The rays fall on the lattice plane of the sample and give its crystallographic information through constructive interference [18]. The Hypix-400 horizontal detector detects the amplified information after passing through another Kβ filter, a parallel slit analyzer (PSA), and a solar slit of 2.5º. Hypix-400 detector detects the point with 400 numbers, 100µm2 pixel area, each having 1 pixel= 106 times detection capacity [19]. A theta-theta goniometer system is incorporated in the overall procedure. The obtained data are analyzed using Smart Lab Studio II software with the ICDD PDF5+ database, and the Scherrer equation [20-21] is applied to calculate the crystallite size, as well as the d-spacing, by Bragg's law [22]. The structural symmetry was explored using VESTA [visualization for electronic structural analysis] software [23-24]. 

3.2 Structural Morphology
The microscopic analysis was conducted using a Nikon ECLIPSE E200 [Japan] microscope equipped with a DeltaPix [Denmark] camera [25]. A polarized microscopic examination was performed with a Nikon SMZ745T [Japan] stereo microscope fitted with a DeltaPix [Denmark] camera. A scale (250 μm) is displayed in the lower right corner of each image and named with the respective magnification levels [26]. 

4.0 Results and Discussion
4.1 X-ray Crystallographic Phase Analysis
The X-ray pattern showed the diffraction phenomenon of L-Menthols crystals. The main diffraction was observed at 8.207º at the predominant (110) planes. The total diffraction observed at 8.207, 9.894, 12.573, 14.493, 14.715, 16.710, 17.010, 19.267, 20.758, 22.010, 23.587, 24.258, 24.859, 26.421, 29.075, 31.190, 32.530, 33.342, 33.986, 41.820 and 44.820º Bragg positions concerning the (110), (200), (210), (300), (101), (111), (201), (400), (301), (410), (221), (311), (330), (420), (501), (430), (511), (601), (440), (312), (522) and (721) plane [ICDD Card No: 00-037-1957] respectively illustrated in Fig. 1. The Fig. 1 also explored the highest main three diffraction at 8.207, 14.715 and 24.258º Bragg position corresponding to the (110), (101) and (330) plane respectively.
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Fig. 1. X-ray diffractogram of L-Menthol.


The diffraction pattern also revealed that the maximum peak height was observed at 263746, 312139 and 52603 cps corresponding to (1at10), (101) and (330) plane at 8.207, 14.715 and 24.258º Bragg position. Table 1 explores the bibliography of the crystal grain of L-Menthol. The crystallite sizes were calculated by the Scherrer equation [27]. The calculated average crystallite size of L-Menthol was 63.03 nm. The average crystallite sizes explored the formation of nanocrystals [28] of the L-Menthol lattice.

Table 1. Crystal grain size analysis of L-Menthol.
	2Ө
	FWHM (º)
	d (nm)
	Height (cps)
	Intensity (cps)
	plane
	D (nm)

	8.207
	0.211
	0.1076
	263746
	62238
	(110)
	39.40

	9.894
	0.178
	0.8932
	48845
	10086
	(200)
	46.70

	12.573
	0.105
	0.7034
	4174
	655
	(210)
	79.20

	14.493
	0.071
	0.6106
	147533
	12175
	(300)
	118.40

	14.715
	0.180
	0.6015
	312139
	65487
	(101)
	46.60

	16.710
	0.105
	0.5301
	7989
	950
	(111)
	80.10

	17.010
	0.440
	0.5208
	1801
	899
	(201)
	19.10

	19.267
	0.170
	0.4603
	4672
	860
	(400)
	48.70

	20.758
	0.206
	0.4275
	34672
	8477
	(301)
	40.90

	21.660
	0.350
	0.4100
	2252
	1035
	(410)
	24.00

	22.010
	0.039
	0.4035
	11966
	607
	(221)
	217.70

	23.587
	0.092
	0.3769
	2583
	343
	(311)
	91.90

	24.258
	0.180
	0.3666
	52603
	10645
	(330)
	47.30

	24.859
	0.303
	0.3578
	4527
	2195
	(420)
	20.00

	26.421
	0.114
	0.3370
	6241
	839
	(501)
	74.80

	29.075
	0.150
	0.3068
	40069
	7296
	(430)
	57.20

	31.190
	0.190
	0.2866
	847
	207
	(511)
	46.40

	32.530
	0.130
	0.2750
	1268
	194
	(601)
	65.80

	33.342
	0.262
	0.2685
	10586
	3238
	(440)
	33.00

	33.986
	0.212
	0.2635
	43860
	10852
	(312)
	40.90

	41.820
	0.240
	0.2158
	2141
	855
	(522)
	37.70

	44.820
	0.081
	0.2020
	2306
	228
	(721)
	111.0



The peak illustration observed the 2θ= 8.207, 14.715 and 24.258º Bragg positions corresponding to the (110), (101) and (330), where the highest diffraction orders for constructive interference [29] of the sample in Fig. 2. Peak shifting in XRD refers to a change in the peak position, specifically the 2θ value, in an XRD diffraction pattern. This shift can be either towards lower or higher 2θ values, indicating changes in the interplanar spacing (d-spacing) within the crystal structure. The standard ICCD data showed 8.195, 14.227 and 23.979º which means the maximum peak shifted to the right, that means the d-spacing decreased [30] against the standard ICDD [ICDD Card No: 00-037-1957]. The L-Menthol d-spacing values are 0.1076, 0.6015 and 0.3666 nm, which are lower than standard ICDD [ICDD Card No: 00-037-1957]. 
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Fig. 2. Diffraction peak illustration of L-Menthol.

The compactness of crystals was increased, which explored the brittleness of crystals lattice of L-Menthol. A decreasing standard deviation indicates that the diffraction data points in a set are becoming more clustered around the mean (average) value, suggesting less variability or spread in the diffraction data in the crystal lattice [31]. The peak profiling of the sample is tabulated in Table 2. In XRD, peak profiling refers to the analysis of the shape, width, and intensity of diffraction peaks to gain insights into the microstructure of a crystalline L-Menthol. Essentially, it involves examining how the intensity of diffracted X-rays varies as a function of the diffraction Bragg angle, revealing information about crystallite size, lattice strain [32], and other structural imperfections of the crystals. 

Table 2. Peak profiling and comparisons study of L-Menthol.

	Peak profiling by theta (Ө)

	2Ө
	Ө
	1000×sin2Ө
	Reflection
	Remark

	8.207
	4.103
	5.11
	(110)
	12+12+02= 2

	14.715
	7.357
	16.39
	(101)
	12+02+12= 2

	24.258
	12.129
	44.147
	(330)
	32+32+02= 18

	Peak profiling by d-spacing 

	2Ө
	d (Å)
	1000/d2
	Reflection
	Remark

	8.207
	1.076
	863.72
	(110)
	12+12+02= 2

	14.715
	6.015
	27.639
	(101)
	12+02+12= 2

	24.258
	3.666
	74.407
	(330)
	32+32+02= 18

	Comparison study against ICDD standard [ICDD Card No: 00-037-1957]

	2Ө (exp.)
	2Ө (std.)
	Norm. I (exp.)
	Norm. I (std.)
	Crystallinity (%) [exp.]
	Crystallinity (%) [std.]

	8.207
	8.195
	38.0
	100.0
	
64.82
	
71.94

	14.715
	14.227
	100.0
	15.0
	
	

	24.258
	23.979
	16.26
	24.0
	
	



In Table 2, the peak profiling values by theta were 5.11, 16.39, and 44.147, were explored the constructive interference of the diffraction planes, and peak profiling values by d-spacing were 863.72, 27.639, and 74.407, with the same performance as the study. In XRD, percentage crystallinity refers to the proportion of a material that exists in a well-defined, ordered, crystalline structure, as opposed to an amorphous, disordered state [33]. XRD patterns of crystalline materials exhibit sharp, high-intensity peaks, while amorphous materials show broad, low-intensity halos. The percentage of crystallinity is determined by analyzing the relative areas of these crystalline peaks and the amorphous halo in the XRD pattern. The calculated percentage of crystallinity for standard (71.49 %) and L-Menthol (64.82 %) shows a more uniform crystal lattice that was formed.

4.2 Average Crystallite Size Calculation 
The average crystallite size can be calculated using the Scherrer equation, which relates the broadening of X-ray diffraction peaks to the size of the crystallites. The equation is: D = Kλ/ (βcosθ). Where, D: Average crystallite size (often in nanometers or Angstroms), K: Scherrer constant, typically around 0.94 for spherical crystallites with hexagonal symmetry, λ: Wavelength of the X-ray radiation used, β: full width at half maximum (FWHM) of the diffraction peak in radians and θ: Bragg angle of the diffraction peak (in radians or degrees, but consistent with the angle unit used for β) [19, 34]. The calculated average crystallite size of L-Menthol was 63.03 nm by the Scherrer equation. 
[image: ]
Fig. 3. Average crystallite size calculation of L-Menthol by using (a) Williamson-Hall plot, (b) Monshi-Scherrer model, (c) Size-strain plot model, (d) Halder-Wagner model.

Another, identical four model was also explored to calculate the crystallite sizes were in Williamson-Hall plot 55.2 nm, Monshi-Scherrer model 58.3 nm, Size-strain plot model 66.1 nm, and Halder-Wagner model 62.5 nm.

4.3 Rietveld Refinement by WPPF method
Quantitative phase analysis using the whole powder pattern fitting (WPPF) method determines the proportions of different crystalline phases in a sample by analyzing its XRD pattern. The method relies on the principle that diffraction intensity is directly related to the abundance of each phase in the mixture. WPPF is a powerful tool because it doesn't require calibration curves and can be applied to a variety of materials, including those with unknown crystal structures [35]. WPPF is a technique used in XRD to analyze the composition of multi-phase materials. The materials are composed of 100% L-menthol crystals, as shown in Table 3 and Fig. 4.
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Fig. 4. Quantitative analysis of L-Menthol by WPPF method.


It involves fitting a theoretical diffraction pattern, calculated from structural parameters of known phases, to the experimentally observed XRD pattern. This fitting process refines parameters like lattice constants, peak shapes, and the amount of each phase present. The factor considering Rwp= 67.89 %, Rp= 56.77 %, S= 9.9299 and X2= 98.6031 for a good fit (GOF) value. The gof explored the accuracy of the refinement. The calculated lattice parameters a=b= 21.29Å, c= 6.038Å and angles α=β= 90° and γ= 120° for the hexagonal crystal system. 

Table 3. Rietveld Refinement by WPPF method.
	Quantitative analysis of L-Menthol by WPPF method

	Lattice parameters 

	Rp (%) 
	Rwp (%)
	χ² and S
	Weight fraction (%)
	Strain (%)
	Lattice volume (Å³)

	== 90.0,= 120; a=b= 21.29Å, c = 6.038Å 
	67.89
	56.77
	98.6031 and 9.9299  
	100
	0.256 
	2371.126 



The calculated crystal strain is 0.256 %. The lower crystal strain suggests high stability of the phase in L-Menthol and mechanical properties [36]. It’s also calculated that the lattice volume of L-Menthol was 2371.126 Å³.

4.4 Structural Symmetry Analysis
In Fig. 5(a), the L-menthol crystallographic structure is depicted in a ball-and-stick model, illustrating the unit cell structure, with carbon, hydrogen, and oxygen represented in green, pink, and blue, respectively. This perspective shows the bonding and how the molecules are connected sequentially along the crystallographic directions [37]. The lattice constant (the size of a unit cell) can change due to various factors, such as temperature or applied pressure. Analyzing these changes helps in understanding the material's response to external stimuli. In structural design, lattice structures are often optimized to achieve specific volume fractions (the ratio of solid material to the overall volume). The crystal is of hexagonal symmetry of space group P31 with lattice parameters a=b= 21.29Å, c= 6.038Å and angles α=β= 90° and γ= 120°. Fig. 5(b) shows the same structure in the CPK (space-filling) model. The emphasis of this figure is on the radius of Van der Waals’ contacts and the close packing of atoms in the structure. The unit cell slices shown in Fig. 5(c) and 5(d) display transparent purple planes marking the (110) and (200) planes of the crystal, respectively. 

[image: ]
Fig. 5. Structural symmetry analysis of L-Menthol.

These projections are useful to study the molecular layers and some possible intermolecular arrangements above and below these layers. The crystallographic zone axes a (red), b (green), and c (blue) are shown together with the models to assist in the explanation of the lattice position and isotropy concerning symmetry in the structural investigation [38]. Together, these illustrations capture and define the three-dimensional (3D) arrangement and packing features of L-menthol.

4.5 Lattice Volume Analysis
Lattice volume analysis typically refers to the study of the volume and its variations within a lattice structure of L-menthol. This can involve analyzing how the volume of individual unit cells changes, how the overall volume of a lattice structure changes under stress, or how volume fractions are distributed [39] within a lattice in L-menthol. It is a crucial aspect of understanding the behavior and properties of lattice structures, especially when designed for specific applications. 
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Fig. 6. Lattice volume comparison of L-Menthol.

This is important for creating lightweight yet strong structures of L-menthol. Some lattice structures have varying volume fractions throughout the L-menthol structure, creating gradients that can be tailored for specific mechanical properties. For example, some designs of L-menthol might have higher volume fractions in areas of high stress and lower volume fractions elsewhere. The calculated lattice volume of L-Menthol was 2371.126 Å³, which is lower than the ICDD standard [ICDD Card No: 00-037-1957]. Lowering lattice volume in a structure typically refers to reducing the amount of material used to create a lattice structure of L-Menthol, often while maintaining or improving desired mechanical properties [40]. This can be achieved through various methods like topology optimization [50-51], which intelligently removes unnecessary material from the structure while preserving its key functionalities. 

4.6 Crystal Morphology Analysis
Fig. 7 shows stereo microscopic images of L-Menthol crystals. The images were manually focused to clearly define the crystal contours and interiors from a geometrical perspective. The red line in the figure represents the scale bar (250 μm) for size reference at each magnification level. The crystals exhibit a well-defined, hexagonal morphology with smooth, flat surfaces and sharp edges, which is characteristic of hexagonal L-Menthol crystals. 
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Fig. 7. Surface morphology of L-Menthol crystals.

This overview demonstrates a relatively uniform crystallite size distribution and a clear external shape and the crystal facets and interfacial junctions become more prominent in Fig. 7. Some surface irregularities and inclusions are noticeable, indicating slight imperfections and possible microstructural features within the crystals [41, 52]. Additionally, the individual grains appear more discrete, offering better insight into crystal boundaries [53, 54]. Fine granular features and micro-pitting are visible across the surface, indicating possible impurities or growth anomalies.

4.7. Application of L-Menthol
L-Menthol, a naturally occurring compound that exhibits a wide range of applications across pharmaceutical, cosmetic, food, tobacco, and industrial sectors due to its characteristic cooling sensation and pleasant minty aroma [42]. One of its significant properties is its antimicrobial activity, which makes it effective as an antibacterial agent in Fig. 8. It is commonly incorporated into topical formulations and hygiene products to prevent microbial contamination and promote skin health. L-menthol possesses antimicrobial properties that help inhibit the growth of certain bacteria and fungi. It is commonly used in topical ointments and personal care products to maintain hygiene and reduce microbial contamination [43]. In the area of oral care, L-menthol is widely used in products such as toothpaste and mouthwash for its refreshing flavor and ability to soothe minor oral and throat discomfort [44]. It also plays a role in the tobacco industry, where it is added to mentholated cigarettes to reduce the harshness of smoke and provide a cooling sensation during inhalation [45]. In the food industry, L-menthol serves as a flavoring agent in mint-flavored candies, chewing gums, and beverages, enhancing consumer appeal with its distinct freshness [46]. L-menthol is also valued for its analgesic properties and is often used in topical analgesics (like balms and patches) for temporary pain relief. The cooling effect can relieve muscle soreness, sprains, and minor aches. Its ability to stimulate cold-sensitive receptors in the skin results in a cooling effect that temporarily numbs the area, offering relief from discomfort [47]. Additionally, in organic chemistry, L-menthol acts as a chiral auxiliary, aiding in the stereoselective synthesis of optically active compounds, which is particularly useful in pharmaceutical drug development [48, 55]. In the personal care and cosmetics industry, L-menthol is incorporated into skincare products such as creams and lotions to deliver a cooling and soothing effect, especially in after-sun products or those designed for irritated skin. 
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Fig. 8. Functional application of L-Menthol.

It is also used in shampoos to provide a refreshing sensation and scalp relief, often marketed for its invigorating properties. Furthermore, in the fragrance industry, it is employed in perfumes and colognes to introduce a crisp, minty note that enhances the overall scent profile [49].



Conclusion
Highlight the recent advances in the mechanism of crystallographic bibliography of L-Menthol and to provide its structural symmetry and lattice volume performance main focus of this investigation. The crystallographic analysis was explored by the XRD technique and the surface morphology of L-Menthol crystals was depicted by polarized microscopic examination. The L-Menthol crystals material are composed of 100 % and calculated lattice parameters a=b= 21.29Å, c= 6.038Å; α=β= 90° and γ= 120° for the hexagonal crystal system. The crystallite sizes were calculated in Williamson-Hall plot 55.2 nm, Monshi-Scherrer model 58.3 nm, Size-strain plot model 66.1 nm, and Halder-Wagner model 62.5 nm, but in the Scherrer model expressed as 63.03 nm. The calculated crystal strain is 0.256 % and the lattice volume is 2371.126 Å³. The lower crystal strain suggests high stability of the phase in L-Menthol and mechanical properties. Lowering lattice volume in a structure typically refers to reducing the amount of material used to create a lattice structure of L-Menthol. The crystals exhibit a well-defined, hexagonal morphology with smooth, flat surfaces and sharp edges, which is characteristic of hexagonal L-Menthol crystals revealed by microscopic examination. L-Menthol, a naturally occurring compound that might exhibit a wide range of applications across pharmaceutical, cosmetic, food, tobacco, and industrial sectors due to its characteristic cooling sensation and pleasant minty aroma.
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