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Abstract

One of the most commonly used nonsteroidal anti-inflammatory active pharmaceutical ingredient 

called Meloxicam has been characterized spectroscopically both by Terahertz (THz) time domain 

spectroscopy (THz-TDS) and by Fourier Transform Infrared (FTIR) spectroscopy in far-IR regions 

of electromagnetic spectrum; 0.2 THz to 20 THz. While many relatively sharp features are 

observed in the far-IR range between 2 THz to 20 THz as expected for being an organic substance, 

very distinct and relatively strong absorption bands are also observed at 1.00, 1.66, 2.07 and 2.57 

THz in the THz range. These well separated, defined, and fairly strong spectral features can be 

used for discrimination and quantification of Meloxicam in drug analysis. Frequency dependent 

refractive index of the drug was determined in a range of 0.2 THz and 2.7 THz, where an almost 

constant index was observed with an average index of 1.75. Powder XRD, and solid-state Density 

Functional Theory (SS-DFT) calculations were utilized to determine the crystalline form of the 

Meloxicam sample in its enolic crystalline form. Single molecule DFT calculations were also 

performed in all four possible structures of Meloxicam. In addition, the capability of THz waves 

transmission through common packaging materials is demonstrated for possibility of future on-site 

analysis. The results suggest that drug analysis will be possible to perform not only at every stage 

of manufacturing without destruction but also directly at the shelf of a market after development of 

portable THz technologies.
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1 Introduction

Application of THz waves have been diverse in many areas such as molecular 

spectroscopy[1], solid state physics[2,3], biology[4–6], imaging[7], and pharmaceuticals[8–

11]. This frequency range covers collective vibrational or torsional modes in condensed-

phase media, and rotational and vibrational modes of molecules. Thus, it is generally 

referred to as a spectral fingerprinting region similar to the mid-infrared range. The long 

wavelengths of THz radiation enables deeper penetration or transmission through many 

materials like skin, paper, plastic, many synthetics, textiles, etc. Thus, both identification and 

quantification of an Active Pharmaceutical Ingredients (API) of a drug becomes possible 

with its molecular fingerprints even if it is covered with the visibly opaque but THz 

transparent polymeric materials, such as blister packs. In addition, its low energy makes it 

non-invasive and safe and eliminates the worry of a change in drug morphology or form 

during the analysis/measurements. With these attractive features THz spectroscopy is 

recently gaining significant attention in characterization of drugs because of its potential use 

in identification (including discrimination of polymorphs) and quantification of API.

[9,10,12–15]

A recent study by Strachan et al. had shown that different solid-state forms of four different 

pharmaceutical compounds has very unique terahertz spectra in region of 0.1 THz to 2.25 

THz arising from the molecular nature of the chemicals and their crystallinity in each 

polymorph.[9] In addition, they successfully quantified all four chemicals and two different 

forms using partial least-squares analysis. In their study Ge et al. presented clear 

identification of 5 different polymorphs of furosemide using their spectral features between 

0.2 THz and 1.6 THz.[8] In a study by Zeitler et al. the sensitivity of THz spectroscopy has 

been exploited in order to study temperature dependent polymorphism of Carbamazepine in 

the frequency range between 0.1 THz and 2.85 THz.[16] In a similar study by Sibik et al. 

crystallization and phase changes of paracetamol was successfully followed by terahertz.

[17]

In the pharmaceutical industry, one of the major efforts is to obtain drugs with optimum 

bioavailability, stability, and solubility besides maximizing its efficacy. Any change in 

molecular structure (even transitions within the polymorphic forms) prior to, during, or after 

manufacturing of the drug may result in an unwanted change in solubility, bioavailability, 

dissolution rate and possibly become a danger to human health[18]. In addition to a change 

in form of the API, the cocrystals formed during manufacturing could show unique 

solubility, dissolution rate, hydration stability, and bioavailability.[19,20] It has been shown 

that cocrystal formation processes could be investigated by using terahertz spectroscopy.

[21,22] Therefore, characterization techniques must play a significant role in every part of 

the manufacturing processes. Common techniques used are X-ray diffractometry, differential 

scanning calorimetry, IR and Raman spectroscopies and solid state NMR.[23–26] In 

addition, Spatially Offset Raman spectroscopy (SORS) is a recently developed technique 

that is applicable on characterization of packaged pharmaceuticals, concealed drugs, and raw 

pharmaceutical materials non-invasively in their packages and containers.[27,28] Although it 

is a promising technique, it does have few restrictions. Since the laser employed in SORS is 

generally in the visible or NIR region the container or the protective cover thickness could 
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be high enough and may hinder penetration of the laser. In addition, the technique may 

suffer from fluorescence signals emitted from API, packaging, capsule shell, tablet coating, 

or plastic container of the drug, and end up with noise suppressing the actual API signal. 

THz spectroscopy is an emerging and very promising new technique, which does not suffer 

from fluorescence contamination and has a greater penetration capability with its much 

longer wavelength. With the aforementioned advantages it is expected that THz methods 

will take its position as a complementary technique in the pharmaceutical industry in the 

near future.

The most common market form for pharmaceutical dosage of a drug is formed solid unit 

doses, commonly known as tablets, sold in blister packs. A tablet mainly contains the drug 

and inert fillers and binders (excipients) and are being analyzed before, during, and after 

manufacturing for content, quantity, and homogeneity. Prior to production, form of API and 

bulk pharmaceutical chemicals (excipients) are checked and confirmed. During the mass 

production, tablets are also tested for any change in the form of API when necessary. API 

should be dispersed in a tablet homogenously since controlled release for certain period may 

be required. Tablets may also be checked for having right amount of coating for controlled 

release of the drug or to protect for degradation due to harsh acidic conditions of the 

stomach, etc. In a recent study Lin et al. demonstrated the capability of THz spectroscopy to 

measure tablet coating thickness.[29] Furthermore, tablets are also analyzed for shelf life 

prior to marketing under simulated market conditions since an API may have limited 

stability and may change its form during storage. It would be necessary to characterize 

finished pharmaceuticals, if possible, right at the shelf on the market for further degradation 

due to the storage conditions in markets or pharmacies. Thus, THz spectroscopy appears to 

be a really good candidate to monitor tablets or drugs before, during, and after 

manufacturing processes for its morphology, homogeneity, and the tablet coating quality.

In this study we present optical properties of a pharmaceutically important drug called 

Meloxicam over the broad spectral range; 0.2 THz to 20 THz. Meloxicam is an anti-

inflammatory drug having analgesic and fever reducing effects and may also be used for 

arthritis treatment. In addition to absorption spectra and frequency dependent index of the 

pure Meloxicam, the spectra of the API were collected in PE matrix at various 

concentrations to simulate the excipients effect on the spectra, by which the capability of 

THz spectroscopy for quantitative characterization of Meloxicam was also investigated. 

Moreover, low temperature (77 K) spectra of the API is compared to room temperature 

spectra. Solid state DFT and single molecule DFT simulations are utilized to confirm/

identify the crystal structure and determine the internal and phonon vibrational modes in the 

low frequency region of the spectrum. The measured spectra of Meloxicam are also a 

significant contribution to the collection of drug spectra currently being accumulated in the 

literature. Finally, THz spectra of Meloxicam samples were also collected through actual 

packaging materials to demonstrate the possibility of non-invasive and non-destructive 

analysis when the technology becomes readily portable.
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2 Experimental

Meloxicam (PubChem CID 54677470, C14H13N3O4S2) was obtained from Nobel R&D 

center in fine powder form and was used without further purification.*1 The packaging 

materials were obtained from the package of the commercialized drug named Melox (Nobel 

Pharma). High density polyethylene (PE) was obtained from Micro Powders Inc. with a 

particle size of 10 μm. Samples were measured as pellets having 13 mm diameter. The 

mixture pellets at 5 wt%, 7.5 wt%, and 10 wt% concentrations in PE were prepared under 67 

MPa (1 ton per 0.2 in2) pressure for 20 seconds and the pure pellet were prepared under 67 

MPa pressure for 10 minutes with mild vacuum. Since the sample and PE mixes well, no 

grinding or further processing was needed. No charge or static effect was noticed during 

mixing. In their study Wu et al. has shown effect of purging time prior to measurement 

mainly on the high frequency region.[15] We have also observed humidity effect on our 

pellets thus the sample and the reference pellets were measured at the same purging time (10 

min) and flow rate in order to minimize this effect. The Meloxicam structure and its 

crystalline form in the solid sample was confirmed by 1HNMR and Powder X-ray analysis, 

respectively. Low temperature (77 K) THz-TDS and THz-FTIR spectra of pure and PE 

mixture samples were collected with NIST THz-TDS and FTIR spectrometers.

Terahertz Spectroscopy Systems

Two THz time domain spectrometers (METU, TURKEY and NIST, USA), and two 

commercial FTIR spectrometers (Thermo Nicolet 6700, METU and Thermo Nicolet 550, 

NIST) were used to cover the spectral absorption range from 0.2 to 20 THz. The METU 

setup is similar to general TDS systems. The general characteristics of the METU THz-TDS 

setup and some of the differences are as follows. The light source is a mode-locked 

Ti:Sapphire oscillator laser (Coherent Mantis, 80 MHz, 80 fs pulsewidth, 800nm central 

wavelength with ca. 80 nm bandwidth). In the generation arm, the pump beam was focused 

onto an LT-GaAs photoconductive antenna array (BATOP, iPCA-21–05-1000–800-h), where 

the excited electrons are accelerated by an applied bias voltage of 15V at 8 kHz. The 

generated THz beam is guided by off-axis parabolic mirrors (OAPM) in 8F configuration, in 

which the light is collimated after the generation, focused onto a sample, collected and 

collimated with other off-axis mirrors, and then focused onto a 500 μm <110> ZnTe crystal 

(MTI corp.) for THz radiation mapping with 800 nm beam. THz beam pulse-shape is 

recorded with a combination of quarter waveplate (QWP), Wollaston prism (WP), balance 

photodiode (BPD), lock in amplifier, and a computer. The spectrometer set-up is shown in 

Scheme 1. THz pulse-shapes in the time domain and their corresponding frequency domain 

spectra of a pure meloxicam sample and a reference as an example are given in Figure 1. 

Details of the 1 KHz amplified NIST THz-TDS setup is given elsewhere.[30]

All THz-TDS measurements were done in a dry air purged environment in order to 

minimize any water vapor attenuation effects. Humidity was sustained at less than 1% 

during measurements at all times. The frequency domain spectra were obtained by fast 

*1Certain commercial equipment or materials are identified in this paper to adequately specify the experimental procedures. In no case 
does the identification imply recommendation or endorsement by NIST, nor does it imply that the materials or equipment identified 
are necessarily the best available for the purpose.
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Fourier transforms of the time domain data with Hanning window function to extract optical 

properties of our samples using common software. All FTIR measurements were carried out 

at an effective working range of 1.5–20 THz. All spectra were collected in the same dry air 

purged environment. TDS and FTIR spectra presented below were obtained using all four 

instruments but 77K data was taken using the two NIST apparatus.

Density Functional Theory (DFT) Modelling:

Solid-state density functional theory (DFT) simulations were performed using the 

CRYSTAL17[31] software package. Structural optimizations were done with fixed lattice 

parameters based on previously published single crystal X-ray data at room temperature[32]. 

The atoms were allowed to relax within the fixed lattice parameters with an energy 

convergence criterion of ΔE < 10−8 Hartree. The Becke, 3-parameter, Lee-Yang-Parr 

(B3LYP)[33] functional was used with the def2-SVP[34] basis set. To account for weak 

intermolecular London dispersion forces, all calculations employed Grimme’s DFTD3 

correction[35,36] which includes a BJ-damping atom-atom term[36]. A total of 112 k points 

in the irreducible Brillouin zone were found to be sufficient for accurate energy convergence 

(keyword SHRINK = 6). A large integration grid was used (keyword XXLGRID), 

corresponding to a pruned (99, 1454) grid. Truncation criteria used to define the Coulomb 

and Hartree-Fock exchange series (keyword TOLINTEG) were set to 10−8, 10−8, 10−8, 10−8, 

10−16 Hartree. The resulting structure from the geometry optimization was used for a 

frequency analysis to determine the frequencies of the vibrational normal modes and 

infrared intensities via the Berry phase method[37]. Central-difference formula numerical 

derivatives were used in the frequency calculation (keyword NUMDERIV = 2) and based on 

two displacements for each atom along each Cartesian direction. For frequency simulations, 

a stricter ΔE < 10−10 Hartree energy convergence was used.

Single molecule (SM) spectra were obtained by B3LYP/G-631+G(d,p) in Gaussian Revision 

A.02[38] at TUBITAK ULAKBIM, High Performance and Grid Computing Center 

(TRUBA). SM calculations were performed for four different structures of the Meloxicam; 

enolic, zwitter ionic, cationic, and anionic. Starting geometries were optimized prior to the 

frequency calculations (Figure 2). No negative frequencies were observed in the calculations 

confirming minimal energy structures.

3 Results and discussion

In this study we present optical properties of one of the most commonly used nonsteroidal 

anti-inflammatory API called Meloxicam in the frequency range of 0.2 THz to 20 THz. 

Figure 3a shows the frequency-dependent THz absorption coefficient and refractive index of 

pure Meloxicam between 0.2 and 2.7 THz. The refractive index was directly obtained from 

the sample thickness and phase delay information from the FFT analysis. Meloxicam has 

well separated, prominent absorption bands located at 1.00 THz, 1.66 THz, 2.07 THz (with a 

shoulder at ca. 2.15), and 2.57 THz at room temperature. The sharp band at 1.00 THz is 

especially well-resolved in this spectral region where THz-TDS systems in general have the 

highest signal-to-noise ratio. Observing such well-resolved and strong features are very 

encouraging since the absorption bands of pharmaceutical drugs in the THz region are 
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usually very broad and overlap with each other resulting in an almost featureless spectrum. 

This almost featureless spectral behavior hinders clear drug identifications and 

quantifications. Therefore, the observed features of Meloxicam are promising characteristic 

features that can be used for identification and quantification of the drug in a commercial 

sample when the THz technology advances for portable applications. In addition to spectral 

features of Meloxicam, the frequency-dependent refractive index was also determined in the 

same THz range (Figure 3a, top). The index decreases very slightly with frequency and 

results an average index of 1.75. The observed decrease is so small that it may be considered 

as constant. The derivative shape occurrences of the refractive index of Meloxicam are well 

correlated with the strong absorptions observed at those frequencies. The refractive index of 

Meloxicam is in the expected range of similar drugs.[39]

Meloxicam has four different conformational structures; anionic, cationic, zwitter-ionic and 

enolic,[14] as shown in Figure 2, leading to different crystalline forms of meloxicam. The 

structure of the received sample was investigated by H-NMR (see Figure 4(a)). The 

resonance signals and their ratio confirm the general structure of Meloxicam; however, basic 

H-NMR spectroscopy is not sensitive enough to determine which one of the four structures 

exists or is dominant in the sample. Therefore, there is a need for further analysis and help 

from theoretical investigation to associate the observed bands with the crystalline form of 

the Meloxicam. The powder XRD diffractogram of the sample is given in Figure 4(b). XRD 

patterns observed from the sample matches very well with the enolic form reported in the 

patent.[40] None of the strong diffraction lines associated with the zwitter-ionic at 2Theta 

angles of ca. 11.8o (strongest) and 15.2o or strong lines of any other form are observed. This 

suggests that the dominant form is the enolic form in the solid Meloxicam sample; however, 

we should note that powder XRD might not be sensitive to amounts less than 5 wt%, which 

is a significant amount that may result in contributions to the collected THz and far-IR 

spectra. Therefore, single molecule (for all four structures) and solid state (only enolic 

structure) DFT frequency calculations for Meloxicam were carried out. In addition, low 

temperature (77 K) THz and far-IR spectra were collected for comparison. Figure 3b 

presents room temperature (RT, red), and 77K (blue) TDS, solid state (SS-DFT, dotted gray) 

and single molecule (stick spectrum, orange bars) DFT spectra of the enolic structure. 

Interestingly, the bands did not sharpen significantly with the decrease in temperature, 

though 77 K may still be considered reasonably high temperature compare to 4 K, etc. 

However, we observed a shift toward higher frequency (blue-shift) for every band. The 

observed blue shift in the vibrational modes suggests a slight change in lattice parameters 

with decreasing temperature. In addition, an increase in anharmonicity may also have a 

strong contribution to the observed behavior.[41] The most significant shifts were observed 

for the 2.07 THz and 2.57 THz bands which have shoulders at RT. Larger shifts of these 

bands might be due to separation of shoulders from the main band and increase in their peak 

intensities as the bands are shifted with the decrease in temperature. Figure 3c present the 

RT and 77 K spectra of the sample in the far-IR region. The band sharpening and collapse of 

the bandwidth toward the higher frequency side of the band is clear in the figure.

The spectrum obtained with SS DFT calculations of the enolic form of the crystalline 

structure agree very well with both the THz-TDS and far-IR spectra (Figure 3b and 3d). In 

addition to Powder XRD data, the strong correlation of the theoretical SS-DFT results to the 
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experimental spectra confirms that the sample crystal structure is the enolic form. The 

theoretical calculations predict all the observed normal mode vibrational bands, except the 

bands at 2.07 THz (and the shoulder at 2.16 THz), which appeared as a combination band in 

the SS-DFT spectrum at 1.75 THz along with the one at 1.64 THz. Moreover, single 

molecule DFT spectra for all four structures were also simulated. After frequency scaling, 

the enolic molecular structure again correlated very well with the experimental spectra 

(Figure 3b) except for the band at 2.57 THz. Observation of this band both in experimental 

spectra and the SS DFT calculation but not in the single molecule calculation suggests that 

the band is a phonon mode, while all the other bands are intramolecular modes. This may 

also explain the strong splitting of this band with cooling to 77K while all other bands are in 

the same frequency as the RT experimental ones. The center frequency of the experimental 

and simulated bands and a description of the observed modes is given in Table 1.

Figure 3(c) presents the far-IR spectra of ca. 5 wt% Meloxicam in PE measured with FTIR 

spectrometers in a range of 1.5 THz to 20 THz. The spectrum is very rich and has many very 

strong, well-resolved features in this range. All the resolved features are labelled with their 

THz frequencies in the figure. The main two features with strong absorptions below 10 THz 

are located at 3.62 THz and 9.72 THz. With a THz-TDS spectrometer reaching up to 5 THz, 

the strong 3.62 THz feature (along with other neighboring bands) would be a very good 

marker band for identification and quantification of Meloxicam. However, it should be noted 

that most commonly used THz-TDS spectrometers have a THz range between 0.1 THz and 

3 THz with the highest S/N at ca. 1 THz.

Figure 5(a) presents the THz spectrum of 5 wt% 7.5 wt%, and 10 wt% Meloxicam in PE 

samples along with the pure Meloxicam spectra. All the main vibrational features (at 1.00 

THz, 1.66 THz, and 2.07 THz) of Meloxicam are observed even for the 5 wt% sample. Such 

good agreement with the pure Meloxicam spectrum shows that the PE matrix, acting as a 

simulated excipient, has little or very small effect on the spectral features. The band at 2.57 

THz could not be observed possibly due to the loss of bandwidth with the addition of PE and 

its strong absorption band at 2.23 THz and the higher ones. The spectra of 5 wt% 

Meloxicam in PE collected with both FTIR (dotted line) and THz-TDS (yellow) are also 

compared in the Figure 5(a). The bands observed in THz spectrum are also identified in far-

IR spectrum at 1.66 THz and ca. 2.01 THz within the common frequency range even though 

the bands intensities are barely above the noise level in the far-IR spectrum due to much 

lower S/N in this region. Both techniques appear to be complementary to each other to 

obtain wide spectral coverage (0.1 THz to 20 THz) to determine the characteristic absorption 

features of Meloxicam over such a broad range.

The relatively strong and well-resolved bands of Meloxicam in the THz range present an 

opportunity for quantitative analysis. Therefore, we have investigated the concentration 

dependence of all three bands (1.00 THz, 1.66 THz, and 2.1 THz) accessible to TDS 

methods. We expected to have the best linear dependence response from the 1 THz band 

since the THz-TDS instrument has the best signal-to-noise ratio at around 1 THz (see Figure 

1b). A simple baseline correction was done on the spectra of 5 wt%, 7 wt%, and 10 wt% 

Meloxicam samples to eliminate the effect of variation in scattering by each sample. An 

example of the baseline corrected spectra is given in the inset of Figure 5(b) for the band at 1 
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THz. Figure 5(b) presents the plot of peak absorbance versus concentration at all three 

frequencies with a fitted line crossing zero referring to zero concentration. As expected, the 

absorbance increases linearly with Meloxicam content in PE and appears to obey the Beer-

Lambert Law. A slightly lower absorbance for the 10 wt% sample at all three frequencies 

compared to the fitted line might be because of either not being able to adequately correct 

the baseline or because of changes in refractive index at high analyte concentration where 

the limit of the Beer-Lambert law is reached. In addition, stronger deviation from the fit for 

the 2.1 THz band absorbance with concentration arises from the very low S/N at these 

frequencies. The results clearly suggest that the band at 1 THz and 1.66 THz (and possibly 

2.1 THz) can be used for quantification of the Meloxicam within excipients and tablets.

Finally, the THz transparency of packaging materials used for disseminating the commercial 

drug was examined for the feasibility of drug measurements while the drug is in its package. 

Figure 6(a) demonstrates the time domain THz field pulse-shapes of various parts of the 

package (plastic blister piece, the folding carton with plastic blister). The packaging 

materials significantly attenuate the THz transmission for frequencies greater than 1.5 THz 

(see Figure 6(b)). However, despite all this attenuation there appears to be sufficient THz 

transmission for API measurements in the tablet. Additionally, the frequency dependent THz 

absorbance is featureless for both the blister cage and folding carton cover especially around 

1 THz (Figure 6(b)). The absorbance spectra of 5 wt%, 7.5 wt% and 10 wt% Meloxicam in 

PE collected behind two folding carton and two plastic blister cage pieces is presented in 

Figure 6(b) with good S/N. One of the stronger Meloxicam bands at 1 THz and its 

concentration dependence is observed. The results clearly indicate that the THz beam has 

ability to reach the drug tablet by penetrating through the folding carton and plastic blister 

and exit the other side of the box. However, it should be noted that these measurements were 

performed with the standard aluminum foil seal (used to protect and hold the drug in its 

cavity) removed. Aluminum does not transmit THz light and is known to be a good THz 

reflector. Thus, the aluminum packaging would enable collection of a THz absorption 

spectrum in reflectance mode. In this arrangement, using the time domain difference 

between THz pulses reflecting from both the front surface of the drug and from aluminum 

foil after double transmission through the sample would potentially enable one to collect 

reference and sample spectra at once in a one-shot analysis scenario.

4 Conclusion

In this study the optical absorption properties of a commonly used nonsteroidal anti-

inflammatory drug called Meloxicam were obtained in the THz and far-IR spectral region 

covering the very wide range from 0.2 THz to 20 THz. Well resolved spectral features at 

1.00 THz, 1.66 THz, 2.07 THz, 2.55 THz, 3.06 THz, and 4.47 THz are observed below 5 

THz. The refractive index of pure Meloxicam appears to be decreasing very slightly with 

increasing frequency, resulting in an average index of 1.75. The powder XRD data of the 

sample matches very well with the enolic form of the crystal structure of Meloxicam. This 

crystal form is confirmed with strong correlations between calculated solid state DFT 

spectra of the enolic form and the experimentally collected THz and far-IR spectra. Isolated 

molecule DFT calculations showed that all the THz bands within the 1 THz to 3 THz range 

are intramolecular vibrational modes except the band at 2.57 THz. This also explains the 
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observed substantial change in the 2.57 THz band with temperature while all others slightly 

sharpened and shifted to higher frequency. The presented relatively strong and well-resolved 

bands of Meloxicam in the THz range is an addition to the slowly growing literature of API 

THz spectra. Even though strong attenuation was observed during penetration and 

transmission of the THz beam through the packaging materials, it is very promising that it 

may be possible to collect spectra (and identify and quantify Meloxicam with the help of the 

band at 1 THz) while the drug is contained in its package. This may even be accomplished 

with intact aluminum foil containment if THz reflectance spectra are collected. These results 

are a promising addition to the application of non-destructive THz spectroscopic methods to 

identify and quantify APIs at the shelf after further technical and reduced costs permit 

advances in widespread application of THz technology.
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Fig. 1. 
(a) THz pulse-shapes in time domain and (b) frequency domain spectra of reference (black) 

and pure Meloxicam sample (red)
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Fig. 2. 
Optimized molecular structures of a) anionic, b) cationic, c) zwitter-ionic and d) enolic 

forms of Meloxicam.
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Fig. 3. 
(a) Frequency dependent absorption coefficient and refractive index of pure Meloxicam. (b) 

Solid state (SS, dashed line) and single molecule (SM, orange bars) simulated spectra of 

enolic Meloxicam in comparison with experimental absorption spectra of Meloxicam 

sample at room temp (RT, red) and 77 K (blue) and absorption spectra of 10 wt% 

Meloxicam in PE (FTIR). (c) The far-IR spectra of Meloxicam sample at room temperature 

(red) and 77 K (blue) over the range of 1.5 THz to 20 THz. (d) Comparison of simulated SS-

DFT Meloxicam (enol form) spectrum with RT experimental spectrum of 10% Meloxicam 

in PE (FTIR). The extremely good spectral match between the SS-DFT spectrum to the 

experimental one confirms the enolic form of the Meloxicam sample.
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Fig. 4. 
a) 400 MHz 1H NMR Spectrum in CDCl3 (there is no signal in the break region between 3 

and 6.9 ppm or beyond 8.1 ppm) and b) Powder XRD patterns of the Meloxicam sample.
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Fig. 5. 
(a) THz spectra of pure, 5 %, 7.5 %, and 10 % (w/w) Meloxicam in PE pellets. (b) 

Concentration vs Absorbance plot of selected bands at 1 THz, 1.66 THz and 2.1THz. The 

spectra were baseline corrected (see inset for the1.0 THz band). Larger deviations of the 2.1 

THz band data points from the fitted line is due to the low S/N ratio of the band.
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Fig. 6. 
(a) Transmitted THz pulse profiles through drug host materials (box, plastic blister). (b) 

absorption spectrum of 5, 7.5 and 10 % Meloxicam in PE behind two box pieces and 2 

blister samples to simulate the reflection sampling.
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Scheme 1: 
Terahertz time domain spectrometer optical setup.
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Table 1

Frequencies of the vibrational modes observed in experimental and simulated spectra of Meloxicam.*

Experimental (THz) Solid
State
(THz)

Single Molecule (THz) Description
(SS-DFT frequency analysis)

RT 77K En. RT En. Cat. An. Zw.

v1 1.00 strong,
sharp 1.04 0.98 1.01 1.03 1.03 0.78 rotation along b axis

v2 1.66 strong,
sharp 1.70 1.64

1.75 1.67 1.81 1.67 rotation along c axis

v3 2.07 strong,
broad 2.08 2.12 2.04 1.97 wagging of the

methyl group on the
5-membered ring of the molecule

v4 2.16 shoulder

v5 2.57 strong,
sharp

(splitting)
2.33 2.61

2.93
2.57
2.68 2.43 2.4 2.53

torsional motion
about the C-C bond
connecting the two

ring

v6 3.06 strong,
sharp 3.01 2.94 3.05 2.70

skeletal motion
resulting mainly

displacement of CH3 and H atoms of ring

v6 3.62 strong,
sharp 3.64 3.44 out-of-plane torsion

localized primarily at the sulfonyl group

*
En: Enolic; Cat. Cationic; An. Anionic; Zw: Zwitter ionic, RT: Room Temp; SS-DFT: Solid State DFT
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