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Abstract 

This work presents a comprehensive spectroscopic analysis of crystalline isoniazid, 

one of the main drugs in tuberculosis chemotherapy, using a blend of spectroscopic 

and computational methods. Mid- and far-infrared, Raman, and inelastic neutron 

scattering spectroscopies, with contribution of isotopic substitution are combined 

with discrete and periodic DFT quantum chemical calculations. This combined 

approach successfully reproduces the whole spectral range, allowing a sound 

assignment of all the vibrational bands. Previous misassignments have been 

corrected and several spectral features of isoniazid crystal are reported for the first 

time. Virtues and limitations of the computational approach (periodic and discrete) 

are also discussed in light of the present state-of-the-art in the field. 
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1. INTRODUCTION 

Vibrational spectroscopy is being increasingly used and recognized as a 

relevant tool in pharmaceutical research technology, namely, in the characterization 

and monitoring of pharmaceutically active ingredients and pharmaceutical 

formulations [1-7]. Applications include chemical structure elucidation, routine 

chemical analysis and solid-state characterization, embracing polymorphism, 

hydration/dehydration, crystallinity, and co-crystal formation [3, 5, 7-11]. Both 

Raman and infrared spectroscopy have been extensively exploited to generate 

process analytical technologies (PAT) used for routine process control in 

pharmaceutical manufacturing and bioprocessing [5, 7]  

The assignment of the vibrational spectra evolved from the empirical approach 

based on the comparison of similar molecules to the current “computational 

spectroscopy” era [12]. The computational description of molecular solids has been 

approached using discrete calculations of molecular associations (e.g., [13, 14]), 

but periodic methods – available through programs such as VASP [15], CRYSTAL 

[16] and CASTEP [17] – are becoming increasingly popular. The rising application 

of the periodic density functional theory calculations in the study of pharmaceutically 

important systems can be evidenced from a few recent publications [18-23].  

Nevertheless, the plane wave/pseudopotential approach is still presenting 

problems in the description of specific vibrational modes [19-21, 24-27] and discrete 

calculations are often used complementarily, due to their well-known consistency 

and reliability.  

 

Isoniazid (pyridine-4-carbohydrazide, also known as isonicotinic acid 

hydrazide (scheme 1) is still one of the main drugs used in tuberculosis 

chemotherapy. Moreover, being a GRAS molecule (Generally Regarded As Safe), 

with ability to form molecular associations with carboxylic acid bearing molecules 

[28], it is also particularly interesting in the expanding field of pharmaceutical co-

crystals. 

[Scheme] 
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Isoniazid provides a clear example of the current status concerning the 

elucidation of the vibrational spectra of pharmaceutically active ingredients. Early 

assignments of isoniazid are frequently partial and often conflicting in several 

relevant points [29-32]. The more recent quantum chemical calculations [30-38] fail 

to select the most stable conformational form of the molecule or the correct 

hydrogen-bond contacts present in the crystal, leading to ill-based vibrational 

assignments. This situation precludes the full use of vibrational spectroscopy in the 

study of isoniazid systems and justifies a more comprehensive work. 

The present work performs a complete vibrational analysis (Raman, mid- and 

far-Infrared, and Inelastic Neutron Scattering (INS) spectroscopies) on crystalline 

isoniazid. INS spectroscopy is a vibrational spectroscopic technique which provides 

information not amenable from its optical counterparts (IR and Raman). In short, in 

INS there are no selection rules for the activity of vibrational modes, and the signal 

intensity is proportional to nuclei displacement and to incoherent neutron scattering 

cross-section of the nuclei, both of which are particularly high for hydrogen atoms. 

Molecular characterization of the drug is complemented with discrete and periodic 

quantum chemical calculations, using DFT methods, as they have proven to be a 

valuable auxiliary tool in the analysis and interpretation of experimental vibrational 

spectra.  

 

2. EXPERIMENTAL AND THEORETICAL DESCRIPTION 

2.1 Sample preparation 

Crystalline samples of title compound were prepared by dissolving 1.5 g (10.9 mmol) 

of isoniazid (Sigma-Aldrich, CAS: 54-85-3) in 5 mL of distilled water at 40ºC and 

allowing the solution to slowly cool to ambient conditions and left to stand overnight. 

The resulting white elongated prismatic crystals were removed from the solution, 

put under a continuous flow of dry air for 1 night, and stored in sealed vials. N-

deuterated samples, isoniazid-d3 (ca. 96% D), were obtained similarly, using D2O 

as solvent. 

2.2 Vibrational spectroscopy 
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FT-Raman spectra: Room-temperature Fourier Transform Raman (FT-Raman) 

spectra were recorded on an RFS-100 Bruker FT spectrometer, using an Nd:YAG 

laser with an excitation wavelength of 1064 nm. Each spectrum is the average of 

three repeated measurements of 150 scans each with a resolution of 2 cm-1. 

ATR-FTIR spectra: The ATR-FTIR spectra were measured on a Vertex 70 

spectrometer using a Platinum ATR single reflection diamond accessory. For the 

far-IR spectrum (50-600 cm-1) a silicon solid-state beamsplitter and a Deuterated L-

alanine doped TriGlycine Sulphate (DLaTGS) detector with a polyethylene window 

was used. The mid-IR spectrum (400-4000 cm-1) was recorded using a Ge on KBr 

substrate beamsplitter and a liquid nitrogen cooled wide band Mercury Cadmium 

Telluride (MCT) detector. All spectra are the average of two counts of 128 scans 

each. A spectral resolution of 2 cm-1 was used. In order to minimize the Christiansen 

effect, the sample was mixed with KBr powder. 

INS spectra: Inelastic neutron scattering experiment was performed with the 

TOSCA spectrometer, an indirect geometry time-of-flight spectrometer at the ISIS 

Neutron and Muon Source at the Rutherford Appleton Laboratory (Chilton, UK). The 

sample, with a total amount of 2 g, was packed inside flat thin-walled aluminum can 

of 5 cm height and 4 cm width, with a path length of 2 mm, which were then mounted 

perpendicular to the beam using a regular TOSCA centre-stick. Spectra were 

collected below 10 K and measured for 180 micro-amps (A) of proton current.  

 

2.3 Theoretical calculations 

Periodic density functional theory (periodic-DFT) calculations were carried out 

using the plane-wave/pseudopotential method as implemented in the CASTEP code 

[16, 39]. Exchange and correlation were approximated using the PBE [40] 

functional. The plane-wave cut-off energy was 830 eV. Brillouin zone sampling of 

electronic states was performed on 8 × 4 × 4 Monkhorst-Pack grid.  

The equilibrium structure, an essential prerequisite for lattice dynamics 

calculations was obtained by LBFGS geometry optimization of reported crystal 

structure (CSD entry: INICAC02) [28], after which the residual forces were 

converged to zero within 0.005 eV·A-1. In a first step, the experimental cell 

parameters were kept constant during “constant volume” geometry optimization. In 
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a second step, the cell parameters were relaxed and a full geometry optimization 

was performed. 

Phonon frequencies at the Gamma point were obtained by diagonalization of 

dynamical matrices computed using density-functional perturbation theory [41]. The 

atomic displacements in each mode that are part of the CASTEP output, enable 

visualization of the modes to aid assignments and are also all that is required to 

generate the INS spectrum using the program aClimax [42]. It is emphasized that 

for all the calculated spectra shown the transition energies were not scaled and 

include wings and overtones up to 0-10 transitions, as implemented in aClimax [42]. 

In order to evaluate the effects of intermolecular interactions in the vibrational 

spectra, and to assist the normal mode assignment, discrete calculations were 

performed using the Gaussian 09w program version (G09w) [43] using the 

mPW1PW91 DFT combined with the widely used 6-31G* basis set as defined in the 

Gaussian program [43]. The mPW1PW91/6-31G* level was considered as it has 

been found to yield a good compromise between accuracy and computational costs 

[44-46]. 

All geometries were fully optimized within the Berny algorithm, using redundant 

internal coordinates, and considering the programs default convergence criteria 

[43]. Vibrational frequency calculations (including estimation of the Raman 

activities) were performed for all optimized geometries, at the same theory level, in 

order to verify convergence to a real minimum (no negative eigenvalues), to infer 

the magnitude of energetic corrections (e.g., zero-point vibrational (zpve) and 

thermal) and to help in vibrational mode description. To assist in the identification of 

the vibrational modes directly associated to the amine groups, additional frequency 

calculations were performed for the NH– and NH2–deuterated forms of isoniazid 

(freq=ReadIsotopes keyword [43]). In order to compare with the experimental 

wavenumbers, all calculated vibrational frequency were corrected for anharmonicity 

and incomplete electron correlation treatment using scaling factors reported in the 

literature for mPW1PW91/6-31G* level: 0.9828 and 0.9499 for the frequencies 

predicted, respectively, below and above 500 cm-1 [47]. 

Estimation of the effects of the intermolecular interactions on the magnitude of 

the predicted vibrational frequencies was done using a pairwise approach which 

circumvents the high computational cost of using a molecular cluster to model the 
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crystal and is fully described elsewhere [13]. In short, vibrational frequencies of the 

isolated molecule are corrected using the vibrational shifts predicted for molecular 

pairs that describe the distinct interactions present in the crystal structure. This 

approach has proven to be a useful tool in the assignment and interpretation of the 

vibrational spectrum of different supramolecular systems [9, 10, 13, 14, 46, 48, 49]. 

NBO calculations [50] were performed in order to infer the bond order index of 

the intermolecular interactions holding the dimer structures. 

Visualization of the atomic displacements characterizing each vibrational mode 

was performed using the Jmol program [5]. 

 

3. RESULTS AND DISCUSSION 

3.1 Molecular geometry and intermolecular interactions 

Figure 1 illustrates the optimized geometries of the isolated molecule (discrete 

calculations, Gaussian09) and of the crystalline structure (periodic calculations, 

CASTEP) of isoniazid. For the isolated molecule, the values of torsional angles at 

the mPW1PW91/6-31G* level are shown. 

 

[FIGURE 1] 

 

The fragment of the optimized structure of crystalline isoniazid (Figure 1, right) 

is used to illustrate the relevant intermolecular contacts within the crystal.  At the scale 

shown, there is no significant distinction between calculated and x-ray structures [28]. 

The isoniazid crystal structure is held by a network of N–H∙∙∙N and C–H∙∙∙O 

intermolecular interactions and Figure 1 depicts the participation of each isoniazid 

molecule as hydrogen bond donor. The representative molecule (identified with an 

arrow) presents two strong hydrogen bonds (N2H∙∙∙N3, N3H∙∙∙N1) and two weaker C-

H∙∙∙O contacts. Of course, the same molecule is the hydrogen-bond acceptor of 

equivalent contacts from other neighbouring molecules. For the sake of clarity, the 

molecules involved in π···π stacking with the reference molecule are not represented. 

All together, these interactions lead to the formation of an infinite spiral-type crystal 

structure, as fully described in the literature [28, 51, 52]. The above contacts have 

been the basis to build the four molecular pairs used in discrete calculations (see Fig. 

3S, Suppl. Mat.).  
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Table 1 presents some selected geometrical parameters of the carbohydrazide 

fragment of isoniazid, obtained from discrete mPW1PW91/6-31G* and periodic PBE 

calculations and x-ray crystallography. Both discrete and periodic results are in good 

agreement with the experimental values, yielding RMS deviations for bond lengths 

and bond angles in the order of 1%. 

 

[TABLE 1] 

 

Two points deserve discussion, regarding periodic and discrete results, 

respectively. Periodic calculations with full optimization result in an increase of cell 

dimensions, which is residual in the “b” and “c” directions, but rather large in the “a” 

direction. As it can be seen from Table 1, this large increment of “a” axis size affects 

all geometrical parameters, but it is clearly related to the increase of π stacking 

distance (as measured from the distance between C1 atoms of staked molecules).    

On the other hand, discrete calculations show that the minimum energy conformation 

in the crystal is not a minimum for the isolated molecule. In fact, the orientation of the 

carbohydrazide group relative to the aromatic ring plane is not correctly described by 

Gaussian calculations. This is easily visualized considering the N–H bond nearly 

perpendicular to the plane of the aromatic ring, which will be hereafter labelled as 

“axial NH”. For both X-ray and CASTEP structures, with all θ1-3 angles negative, the 

axial NH (NHb) and the oxygen atom are in opposite sides of the ring plane. In the 

isolated molecule, the θ2 angle is positive and, as a result, the axial NH (NHa) and 

the oxygen atom lie in the same side of the ring plane.  

Needless to say, the quality of calculated frequencies used to assist the 

assignment of vibrational spectra is highly dependent on the correctness of the input 

model, in what concerns molecular geometry and intermolecular interactions (see, 

for instance, [45, 46, 53-55]). However, a few recent quantum chemical calculations 

fail to select the most stable conformational form of the molecule [30, 34, 36, 37] or 

the correct hydrogen-bond contacts in the x-ray structure [31, 32, 34, 35, 38], and 

this confines the reliability of the reported vibrational assignments. Concerning the 

isoniazid isolated molecules, Favilla et al. [30] refer a planar geometry, with the NH2 

group being slightly deviated from planarity, while several authors selected the anti 

configuration of the carbohydrazide group (θ2≈180º) for the global energy minimum 
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[30, 31, 34, 36-38] instead of the syn configuration (θ2≈-6º) observed 

experimentally. Some quantum chemical calculations [32, 34, 35] also used dimeric 

isoniazid structures to explain the effects of the hydrogen bonds of the crystal on 

the vibrational frequencies. However, most of the dimeric structures assembled do 

not mimic any intermolecular interactions that actually occur in the isoniazid 

crystalline structure. For instance, dimeric structures held by N–H∙∙∙O hydrogen 

bonds and centrosymmetric NH∙∙∙N dimers are considered [32, 34, 35] although 

such interactions are not observed in the crystalline structure.  

 

3.2 The Vibrational spectra 

The isoniazid crystal is orthorhombic, with space group symmetry P212121 and 

Z=4, presenting 68 atoms in the crystallographic unit cell (17 atoms per isolated 

molecule), from which 201 optical modes are predicted. These include 180 normal 

vibration modes of the four molecules (45A+45B1+45B2+45B3) and 21 external 

modes describing translations and rotations (9 translational modes plus 12 

librational modes, 6A+5B1+5B2+5B3). 

Considering the 45 normal modes of vibration of each individual molecule, 27 

are related to the pyridine ring and the remaining to the carbohydrazide fragment. 

The ring-related modes can be described as 11 stretching modes (4x CC, 2x CN, 

4x CH and C1–R; R=substituent), 8 in-plane deformation modes (3x ring, 4x 

CH and C1–R) and 8 out-of-plane deformation modes (3 ring, 4 CH and C1–

R). The 18 modes related to the carbohydrazide group, on the other hand, can be 

described as 6 stretching modes (C=O, C6–N2, N2–N3, 2x N3H2, N2H), 4 

in-plane deformation modes (C=O, C1–C6–N2, N2H and C6–N2–N3), 2 out-

of-plane deformation modes (C=O and N2H), 3 N3H2-related deformation modes 

(scissoring, twisting and wagging) and 3 torsional modes (C1–R, C6–N2 and 

N2–N3H2). 

Table 2 lists the observed bands in each spectroscopy and their assignments, 

in accordance with the modes itemized above. The calculated CASTEP values refer 

to the fully optimized structure. The comparison between wavenumber values 
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obtained from “fixed cell” and “fully optimized” structures reveals that cell 

optimization leads to a general decrease of the calculated frequencies, with a 

notable exception for the CH stretching modes and some modes around the 500 

cm-1 region (See Fig 1S , Suppl. Mat). However, this does not yield a significant 

change in the agreement with the experimental frequencies, since the average 

deviation (calculated-experimental) is ca. 2% for both cases (See Fig 2S , Suppl. 

Mat). 

[TABLE 2] 

 

 

The assignments in Table 2 are made in terms of “approximate description” of 

the normal modes – referring to the most relevant contribution to each normal mode. 

This approach is assumed to be a more practical, although less rigorous, alternative 

to the description based on the potential energy distribution (PED). Nevertheless, 

the coupling between oscillators is more a rule than an exception, and several 

modes present substantial mixing despite their simple description on Table 2. Two 

relevant examples are shown in Fig. 2. The mode at 804 cm-1 is the expected in-

phase out-of-plane bend of the four CH bonds, but has a significant participation of 

the out-of-plane bending of the NH bond lying nearly in the same plane (N2H). The 

mode at 1190 cm-1 is ascribed to the N2–N3 stretch, but displays important 

contribution from C1–C6 stretch, although the C1–C6 mode is better assigned to 

the band at 1320 cm-1. 

 

[FIGURE 2] 

 

The high wavenumber region: CH and NH stretching modes 

The assignment of the vibrational modes of isoniazid in the region of the NH 

and CH stretching modes is not a trivial task, mainly due to strong mechanical and 

electrical anharmonicity affecting the hydrogen-bonding N–H oscillators. The INS 

spectrum (Fig. 3a), despite its low resolution in this region, clearly identifies the 

2950-3350 cm-1 interval for the “H-moving” vibrations. The Raman spectrum (Fig. 

3b) confirms the CH stretching modes in the 3065 cm-1 vicinity, while the infrared 
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spectrum (ATR, Fig. 3c) reveals a typical anharmonic profile due to the presence of 

strong NH···N hydrogen bonds: a broad absorption band, spanning from nearly 

2400 cm-1 up to 3300 cm-1, presenting several maxima. This profile has been 

ascribed to several effects (vibrational couplings between high- and low-frequency 

stretching modes in hydrogen bonds, resonance interactions among different 

hydrogen bonds in the unit cell, Fermi resonance between the fundamental 

stretching and the overtone of the in-plane bending vibrations [56] and electrical 

anharmonicity [57, 58]). Whatever its origin, its complexity precludes a 

straightforward assignment of the normal modes. This is achieved, however, with 

the complementary information provided by isotopic substitution (Fig. 3d) and 

periodic frequency calculations (Fig. 3e), as discussed below.  

 

[Figure 3] 

 

The assignment of the four CH modes becomes straightforward from the 

comparison between the experimental spectrum of the N-deuterated sample and 

the calculated spectrum (Fig. 3, d and e). The corresponding Raman bands are 

easily identified therefrom.  

On the other hand, the assignments of the three NH modes deserve more 

discussion. It has been reported that periodic calculations underestimate the 

stretching frequencies of hydrogen-bonded OH [21, 25] and NH groups [27]. 

Nevertheless, periodic calculations clearly identify the band at ca. 3304 cm-1 with 

the vibration of the N3Ha bond in the terminal amino group (Fig.3, c and e). This 

particular vibrational mode results from the fact that N3Ha bond is isolated, in the 

sense that both N2H and N3Hb are involved in much stronger hydrogen bonding 

and combine between them. This is a result from periodic calculations that cannot 

be predicted by discrete calculations with monomer or dimers. Upon deuteration, 

the N3Ha band moves to ca. 2457 cm-1, as easily identified in Fig.3d. The observed 

isotopic ratio NH/ND is 1.35, while the value obtained for the diatomic harmonic 

N–H oscillator is 1.37. 
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CASTEP periodic calculations predict the remaining two NH modes of the 

N2HN3H2 fragment (described as symN2H2 and asN2H2) to arise below 3000 cm-1, 

with very large intensity. The location of NH modes below the CH ones is 

assumed to be an error of the method, as mentioned above. Most probably, the 

N2H2 modes contribute to the Raman/ATR band at ca. 3108/3105 cm-1 and to the 

INS intensity above this wavenumber. On the other hand, comparison between the 

spectra of normal and N-deuterated samples (Fig. 2 c and d) clearly shows that 

these modes are responsible for the whole profile in the infrared spectrum. Both 

calculations and isotopic substitution agree that the contribution of CH intensities 

to the infrared profile is negligible when compared with the N3H2 contributions. 

Previous reports do not consider the coupling between the N2H and N3Hb 

oscillators (with isolation of N3Ha) that results from intermolecular hydrogen-

bonding. Pandey et al. [31] and Gunasekaran et al. [36] ascribe the Raman band 

at around 3300 cm-1 to the N2H (isolated) mode. Gobinath et al. [38], on the other 

hand, assign the bands at ca. 3300, 3110 and 3430 cm-1 in the conventional way 

(asymmetric and symmetric combinations of the N3H2, and N2H, respectively). 

 

The mid wavenumber region: completing molecular modes  

In the 200-1750 cm-1 region, the calculated spectra provide a very good 

description of the experimental INS and infrared spectra (Fig. 4 and 5, respectively). 

Apart the notable exceptions of the bands indicated with dashed arrows, there is a 

nearly one-to-one match between calculated and observed intensities. The visual 

match is better in the INS case than in the infrared case, as the latter is affected by 

anharmonicity effects (in addition, the Christiansen effect produce derivative-like 

line shapes). Nevertheless, the combined analysis of both spectra allows a sound 

assignment of the normal modes in this region. 

 

[Figure 4] 

[Figure 5] 

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 13 

In this region, the ill-calculated vibrational modes (dashed arrows) are the 

carbonyl stretching mode and the –NH2 torsion mode. It has been observed 

previously that CASTEP-PBE calculations underestimate the frequency of C=O 

stretching mode [19, 20, 24, 26] and the possible source of this effect has been 

discussed [20, 24]. On the other hand, the above mentioned problems for the N–H 

stretching modes also embrace bending and torsion modes within the NH–NH2 

fragment (similar problems with NH2/NH3 groups can be observed in the work of 

Pawlukojc et al. [19] for the L-Glutamine molecular crystal). Nevertheless, this 

vibrational modes are easily assigned by comparing relative band intensities. 

 

In contrast with the assignment described in Table 2, previous assignments 

are often incomplete, inconsistent with isotopic substitution data and generally 

conflicting. An illustrative case is the assignment of the C=O stretching and NH2 

scissoring modes, at 1661 and 1632 cm-1, respectively (FTIR). Considering the most 

recent publications [31, 32, 36, 38], only the assignment of Owen et al. [32] agrees 

with ours. There is no reference to the NH2 mode in the work of Gunaserekan et al. 

[36], while Gobinath et al. [38] assign it to a band at 1602 cm-1. More recently, 

Pandey et al. [31] swap the order of C=O and NH2 scissoring modes, ascribing a 

higher wavenumber band to the NH2 mode (1635 cm-1, FTIR) and a lower 

wavenumber band to the C=O mode (1556 cm-1, FTIR). The N2–H “in-plane” 

bending mode, NH, also deserves clarification. In some reports no reference is 

made to this mode [31, 36], while others ascribe it to a Raman band observed at 

1154 cm-1 [38] or to bands observed at 1130 (IR) and 1335 cm-1 (FT-Raman) [32]. 

The NH vibrational mode has been referred as highly coupled to theC(6) –N(2) 

stretching mode, giving rise to two bands, one around 1550 cm-1 and one other at 

ca. 1135 cm-1 [59]. In the higher frequency mode, nitrogen and hydrogen atoms 

move in opposite directions [59]. This band is also more sensitive to deuteration 

than its lower wavenumber counterpart, and hence it is ascribed to the NH mode.  

Periodic calculations predict an observable splitting for C=O, C6–N2, ring–

R, γring–R and C1–C6 modes, as shown at the bottom rows of Table 2. Factor 

group splitting is inherently present, since there are four molecules in the 

orthorhombic cell (Z=4), and each molecular mode is expected to give rise to four 

crystal modes. For most of the vibrational modes the factor group components are 
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very close together - at least, within spectral resolution - and have limited influence 

in the observed spectra. However, for these large amplitude molecular vibrations, 

significant splitting is predicted and observed. This crystal effect has been neglected 

in previous assignments, despite its obvious presence in both infrared and Raman 

spectra. 

The low wavenumber region: collective modes 

The description of the low wavenumber region can only be obtained from 

periodic calculations, as this is the region of the external lattice modes, i.e., modes 

involving translation and rotation (libration) of the molecules.  

Figure 6 compares the experimental spectra of isoniazid in the low-

wavenumber region (INS and far-IR) with the PBE calculated spectra. As it can be 

seen, calculated spectra provide a poorer description of the low frequency modes.  

It has been recognized that numerical errors of periodic calculations tend to 

accumulate in this range [21, 24]. Nevertheless, there is a reasonable 

correspondence between the overall calculated and observed band profile, allowing 

a description of low frequency/large amplitude collective modes.  

 

[Figure 6] 

 

Low frequency collective modes are known to present significant mixing of 

intermolecular and intramolecular vibrations [58, 60] and that prevents their 

description in a simple form. Recently, several works attempted to depict these 

modes of molecular crystals using both text-descriptive [18, 20, 21, 23] and figure-

illustrative approaches (e.g., molecular projections with displacement arrows) [18, 

20-22]. However, figures with displacement arrows are often cumbersome and only 

in limited cases a 2D projection denote the 3D motion. Description of modes can be 

more informative, providing there is a clear identification of the system axes. In 

Table 4, the modes are described in terms of translations along the crystallographic 

cell axes (a, b, c) and librations around the molecular inertia axes (Ia, Ib, Ic). The 

reason for the two sets of axes is that some collective motions are better described 

as “unit cell motions”, while others are molecule-centered motions. Nevertheless, 

the descriptions of the modes do not reflect their complex and coupled nature, rather 
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focusing on the most relevant contributions to each observed band. For instance, 

the motion of the whole molecule as nearly a rigid body (pure translational modes) 

can be ascribed to the INS band at ca. 37 cm-1 (translation along b axis). Libration 

motions at 47, 69, 101 and 118 cm-1 are clearly coupled with pyridine-

carbohydrazide torsions.  

 

[TABLE 3] 

 

Table 3 also includes the identification of lattice modes with contribution from 

hydrogen bond stretching modes, namely, the N2HN3 stretching (129 cm-1) and 

the N3HN1 stretching (110 cm-1). Of course, in a crystal lattice, these modes are 

not pure HN modes, as they would be in an isolated dimer. However, they present 

a significant motion of the donor group towards/away the acceptor nitrogen atom 

along the hydrogen-bond direction, as illustrated in Fig. 7 for the higher frequency 

mode (N2HN3). The relative frequencies of these modes follow the relative 

strength of the hydrogen bond contacts, as it can be inferred from the interatomic 

distances and NBO analysis. According to the x-ray structure (see Table 1) the 

N3···N2 distance is ca. 12 pm shorter than the N1N3 distance, signaling a stronger 

hydrogen bond. NBO analysis confirms the same trend. The Wiberg bond orders for 

N3H(N2) and N1H(N3) are 0.0520 and 0.0378, respectively. Significantly, the 

lattice mode that presents a contribution from stretching of the much weaker CH···O 

contacts (with Wiberg bond orders below 0.003) is calculated at 80 cm-1. 

 

[Figure 7] 

 

4. CONCLUSIONS 

The vibrational properties of crystalline isoniazid have been fully described 

using a blend of spectroscopic techniques and computational methods. In 

combination with its optical counterparts (Raman and infrared spectroscopies), 

inelastic neutron scattering (INS) spectroscopy provides access to a detailed 

description of all the vibrational modes in the crystal. Periodic density functional 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 16 

calculations using CASTEP were able to successfully reproduce the experimental 

spectra with a few exceptions. Discrete calculations are able to provide a better 

description of a few particular modes (e.g., carbonyl stretching and NH torsion 

modes), but only if the intermolecular interactions within the crystal are correctly 

taken into account. 

 

 This combined approach was able to successfully reproduce the whole 

spectral range, allowing a sound assignment of the vibrational bands. Previous 

misassignments have been corrected and several spectral features of isoniazid 

crystal - such as the unusual combination of NH oscillators in the NH stretching 

region, the factor group splitting observed for large amplitude molecular vibrations, 

and detailed description of lattice modes region - are reported for the first time. In 

this way, this study will hopefully contribute to further understand the structure of 

this API and to prevent the propagation of incorrect data analysis and 

misassignments. 

The success in describing isoniazid vibrational spectra is particularly relevant in 

view of the urgent need of reliable computational approaches to elucidate the 

vibrational properties of molecular crystals – namely, due to the rising importance 

of vibrational spectroscopy as a tool in pharmaceutical research technology. The 

state-of-the-art solid-state density functional theory calculations (periodic boundary 

conditions, plane-wave DFT) gives deep insight into the vibrational properties of 

crystals and generally provides reliable assignment of the whole spectral range, 

except for a few well-identified and very specific modes, as discussed above. 
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Figure Captions 

 
Scheme 1 – Representation of Isoniazid, with the atom labelling used throughout 
the text. 

Figure 1 – Optimized geometry of the isolated molecule (Gaussian09, left) and the 
crystalline structure (CASTEP, right). Torsional angles for the isolated molecule and 
relevant intermolecular contacts in the crystalline structure are shown (see text). 

Figure 2 – Representation of the displacement vectors associated with the out-of-
plane ring mode at 804 cm-1 and the nearly in-plane mode at 1190 cm-1. For better 
readability, displacement vectors of hydrogen atoms are scaled to 50%. 

Figure 3 – INS (a), Raman (b), and infrared (ATR, c) spectra of isoniazid, compared 
with the infrared spectrum of N-deuterated isoniazid (isoniazid-d3, d) and the 
calculated infrared spectrum (CASTEP, e), including the visualization of atomic 
displacement vectors for the normal modes corresponding to the higher wavenumber 
band (right) and the two lower wavenumber bands (left). The asterisks (in line d) mark 
the bands from residual non-deuterated form. For the sake of clarity, the calculated 
bands at ca. 3000 cm-1, assigned to vN2H2 stretching modes, have been cut at about 
5% of their intensity. 

Figure 4 – Experimental (a) and calculated (CASTEP, b) inelastic neutron scattering 
spectra of isoniazid. The dashed arrow indicate the ill-calculated frequency (see text). 

Figure 5 – Experimental (a) and calculated (CASTEP, b) infrared spectra of isoniazid. 
The dashed arrows indicate the ill-calculated frequencies (see text). 

Figure 6 – Experimental far-infrared spectrum (a) and inelastic neutron scattering 
spectrum (b) of isoniazid, compared with their calculated (colored) versions, using the 
PBE functional. 

Figure 7 - Representation of the displacement vectors associated with the libration 
mode at 129 cm-1. The rotation of the molecules stretches the hydrogen bond 
contacts not only between the molecular pair show (dashed line), but also between 
the molecules above and below (pointed lines). 
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Table 1 – Selected geometrical parameters of isoniazid.  

Parameter  X-ray [28] 
 CASTEP     

(fixed cell) 
 CASTEP         

(fully opt)  Gaussian 

Cell lengths/A         

a 3.78 3.78a)  4.7063 - 

b 11.29 11.29a)  11.336 - 

c 14.68 14.68a)  14.68 - 

Bond lengths/pm         

C6=O 122.2 124.1 124.4 122.2 

C6-N2 134.5 136.1 136.3 136.5 

N2-N3 142.2 143.8 144.1 139.9 

Bond angles/º         

C1-C6-O 122.2 121.8 121.4 122.4 

C1-C6-N2 115.3 115.8 116.7 115.7 

C6-N2-N3 120.4 119.4 118.7 120.2 

Dihedral angles         

C2C1-C6O (θ1) -17.9 -19.1 -24.6 -24.8 

OC6-N2N3 (θ2) -5.5 -7.7 -5.3 6.1 

C6N2-N3Ha (θ3) -25.5 -18.4 -10.9 -78.6 

Intermolecular/pm         

N2(-H)…N3 291.5 288.1 296.8 297 b) 

N3(-H)…N1  304 295.7 304.2 307 b) 

C2(-H)…O  325.2 328.4 338.8 348.6 b) 

π-π (C1…C1’) c)  378.7 378.7 407.6 383.9 b) 

a) Fixed values; b) Values from molecular pairs; c) Distance between C1 atoms of 

the π-staking molecules. 
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Table 2 - Observed (FT-IR, Raman, and INS) and calculated 

(CASTEP) wavenumbers of isoniazid in the solid state 

(wavenumbers/cm-1) 

 

Experimental   Calculated Aproximate description 

ATR-FTIR FT-Raman INS   CASTEP a) Pyr ring Carbohydrazide 

3303 3302     3283    N3Ha 

 3105 3107     3063*IR   s N2H2

(3050)b (3050)b     3028*IR   as N2H2

3094 3091 3097   3130 CH (20a)   

3069 3065 -   3109 CH (20b)   

3054 3052 -   3088 CH (2)   

- 3026 -   3071 CH (7b)   

1661 1668 -   1590*IR    C=O

1632 1641 1633   1643   NH2 scissor 

1603 1601 -   1580 IR  ring (8a) 

1552 1550 1564   1553   NH 

1535 - -   1530  ring (8b) 

1490 1492 1496   1472  ring (19a)   

1409 1410 1412   1396  ring (19b)   

1332 1332 1346   1331   NH2 twist 

- - 1324   1307 CH (3)   

1321 1320 -   1296  C1-C6 (13)   

1263 1266 1266   1250  ring (14)   

1219 1217 1220   1203  CH (9a)   

1193 1186 1195   1190    N(2)-N(3) 

1141 1130 1140   1128    C(6)-N(2)

1098 1094 1095   1081   CH (15)   

1063 1056 1057   1047  CH (18a)   

- 1002 -   991  ring (12)   

- - 998   988  CH (5 )   

994 993 -   980  ring (1)   

963 964 967   957  CH (17a)   

886 886 -   881    NH 

- - 891   876  CH (10a)   

846 848 852   847   NH2 wagg 

- - 786   804  CH (17b)   

742 - 749   739  ring (4)   

  681 682   674  ring (6a)   

671 - -   672    C=O

658 665 663   654  ring (6b)   

503 503 507   516  C1C6N2 
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438 434 439   416  ring (16b) 

397 397 422   478*   NH2

380 372 381   373  ring (16a) 

354 362 366   350   C6N2N3 

336 336 340   331    C=O

324 326 332   318    
261   266   273    C6-N2 c) 

246 252 256   256    
229   229   207  ring-R (18b)   

213 220 221   202    

  178 176   175  ring-R (11)   

156 157 166   153    

    138   133  C1-C5   

123       130    

 
a) Maxima of the INS simulated spectrum, except when otherwise 
indicated (IR= infrared simulated spectrum); Wavenumbers marked 
with asterisk are considered ill-calculated (see text); b) Estimated from 
isotopic shifts; c) nominally torsion around C6–N2, but better 

described as out-of-plane N2–NH2 deformation (N2–NH2). 
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Table 3 - Observed (FT-IR, Raman, and INS) and calculated (CASTEP) 

wavenumbers of isoniazid in the solid state (wavenumbers/cm-1). 

Experimental   Calculated       

ATR/FTIR Raman INS   CASTEP a) Mode description b)   

    129   128 Libration (Ic) , with N2-H…N3 stretching 

113       118 IR Libration Ia (mainly Hydrazine torsion) 

    110   110 Libration-translation, with N3-H…N1 stretching 

  96 101   95 Libration Ia (mainly Pyridyl torsion) 

91   89   100 Libration (butterfly type)   

80 83 80   80 Translation (along c), with C-H…O stretching   

67   69   68 Libration Ia (mainly Pyridyl torsion) 

57   57   58 Libration Ia (mainly Pyr torsion)   

    47   42 Libration Ia (mainly Pyr torsion)   

    37   32 Translation (along a), Libration Ia   

a) Maxima of the INS simulated spectrum, except when otherwise indicated (IR= 

infrared simulated spectrum); b) Crystallographic cell axes as shown in Fig.1; 

Molecular inertia axes: Ia is slightly deviated from the C1-C6 direction, Ic is nearly 

perpendicular to the ring plane. 
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Highlights 

 

Discrete and periodic DFT calculation for isoniazid crystal are performed. 

The normal modes are fully described and previous misassignments are corrected 

The unusual combination of NH oscillators in the NH stretching region is discussed 
Factor group splitting for large amplitude molecular vibrations is reported 
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