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Abstract 

The development over the past decade of design strategies for cocrystal preparation have led to 
numerous methods for the synthesis of cocrysal without take care of their influence on the precise 
structure and stability of cocrystalline states. On the other hand the mechanism of cocrystal 
formation remains widely unclear, especially the identification of the type of interactions mostly 
responsible for the cocrystalline stability. The present study focuses on the influence of the 
crystalline synthesis method on the polymorphism of cocrystals was analyzed from the preparation 
of S-ibuprofen/nicotinamide and RS-ibuprofen/nicotinamide cocrystals by co-milling, slow solvent 
evaporation and crystallization from the melt. X-ray diffraction and Raman spectroscopy experiments 
have shown that the polymorphic form of the cocrystals obtained by recrystallization from the melt 
(Form A) is different from that prepared by milling and by slow evaporation in solution (Form B). It 
was shown that both isothermal and non-isothermal recrystallizations from the melt blending are 
observed via a transient metastable micro/nano structure of form A. Additionally, it was observed 
that form A transforms into Form B upon heating via very weak changes in the hydrogen bond 
network. The crystallization in form A from the melt, instead of form B by other methods, was 
explained by the difficulty to form a supramolecular organization too far energetically from that 
existing in the melt. This study shows the crucial role of supramolecular H-bonding on the formation 
mechanism of cocrystals and how does the synthesis method of cocrystals change the 
supramolecular organization and the related structure of cocrystals. 
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1. Introduction 

Forming cocrystals can be considered as an interesting opportunity to enhance solubility of Active 

Pharmaceutical Ingredients (APIs) by preserving the physical stability, distinctive of the crystalline 

state. Cocrystal screening has focused lot of attention, using various synthesis methods, e.g. co-

milling, evaporation of API-solvent solution, or crystallization from the melt blending. However, there 

is a lack of information on the stability of cocrystals, on the molecular conformation of APIs within 

cocrystals and about cocrystal polymorphism (Blagden et al., 2007) (Herbstein, 2005) . 

Polymorphism is particularly studied in the case of pharmaceutical materials and its importance is 

widely recognized in this sector (Davey, 2002). Indeed, for a given API, different polymorphs can lead 

to different physical properties e.g. solubility, stability, dissolution rate, bioavailability and the 

polymorphic form selection has a significant impact on the therapeutic use. It is important to select 

the best polymorph and ensure its stability, to avoid unexpected transformation during drug 

manufacturing, storage (Hubert et al., 2011) (Hédoux et al., 2013), administration to the targeted 

site, or from a regulation point of view (Vippagunta et al., 2001). In this context, the structural 

information about APIs, including molecular conformation, molecular associations via H-bonding, 

atomic positions, and stability conditions are required regardless the solid forms of the API, i.e. 

polymorphs, solvates, hydrates and cocrystals in recent years. Many newly proposed drugs suffer 

from poor water solubility. Cocrystallization is a growing strategy to overcome the poor dissolution 

rate of drugs by association with highly water-soluble molecules (Zimmermann and Baranović, 2011). 

The nature of molecular interaction between APIs and coformers and the synthetic procedures are 

considered as the main factors involved in the modification of only physicochemical properties 

without changes in pharmacological properties of APIs. The physicochemical properties of APIs are 

dependent on the selected conformer. 

Until now most of works have focused on cocrystal screening and characterization (Byrn et al., 1995) 

(Brittain, 2019, 2013; Friščić and Jones, 2010; Schultheiss and Newman, 2009; Vishweshwar et al., 

2006). Due to the importance of polymorphism which is well recognized for pure drugs (Carstens et 

al., 2020; McCrone, 1965; Skovsgaard and Bond, 2009), more and more studies focus on the 

polymorphism of cocrystals (Gryl et al., 2008; Lemmerer et al., 2013; Lemmerer and Fernandes, 

2012; Porter et al., 2008; Surov et al., 2014). In this work, the influence of the synthesis method on 

the polymorphic forms of S-ibuprofen/nicotinamide and RS-ibuprofen/nicotinamide cocrystals is 

investigated. 

Ibuprofen (C13H18O2) is a nonsteroidal anti-inflamatory drug (NSAID) used to reduce fever and to treat 

pain or inflammation. It is presented in many formulations (powders, capsules, tablets, …) and it is 

listed in World Health Organization’s « Essential Drugs List » (Model Lists of Essential Medicines, 

2007). Nevertheless, regarding an oral use, ibuprofen has a very poor water-solubility (Garzón and 

Martínez, 2004) (see Table S1 in supplementary information).  

Nicotinamide, (pyridine-3-carboxyamide: C6H6N2O), one of the components of vitamin B, is currently 

used as a food additive. It is also one of the most popular conformers used for designing cocrystals, 

due to its high aqueous solubility and generally regarded as safe status.  

Recently, the ability to form cocrystals between S or RS – ibuprofen and nicotinamide (IBP:N) has 

been widely reported, showing various strategies for preparing cocrystals, such as hot melt 

extrusion(Berry et al., 2008; Dhumal et al., 2010; Kelly et al., 2012), dry or wet milling (Alshahateet, 

2010), rapid expansion of supercritical solution (Müllers et al., 2015), slurry reaction (Soares and 

Carneiro, 2013), and solvent evaporation (Alshahateet, 2010; Berry et al., 2008; Chow et al., 2012; 

Soares and Carneiro, 2013). The synthesis of nicotinamide-ibuprofen cocrystals gives the opportunity 
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to combine the therapeutic effect of ibuprofen with the high solubility of nicotinamide. The IBP:N 

cocrystallization is very useful since it improves dissolution under sink condition (Chow et al., 2012; 

Soares and Carneiro, 2013) and displays considerable tabletability (Chow et al., 2012; Wei et al., 

2018).  The crystallographic structures of S-IBP:N and RS-IBP:N are slightly different. They have been 

determined by Berry et al (Berry et al., 2008).  

The structure of the S-IBP:N cocrystal is shown in Figure 1 (in Figure S1 for RS-IBP:N in supporting 

information), using CSD refcode SOGLAC. Lattice parameters, cell volumes and Z (number of 

molecules per unit cell) were determined from X-ray synchrotron data (Berry et al., 2008) and 

summarized in the.  

The structures of both cocrystals are very similar, with one lattice parameter extremely larger than 
the two others (respectively b and c for the S-IBP:N and RS-IBP:N cocrystals) as common feature. The 
structures can be described as an alternation of 4 molecules of ibuprofen, 4 molecules of 
nicotinamide, twice, corresponding to 8 molecules per unit cell. RS-IBP:N cocrystallizes in an 
orthorhombic cell, while the cell of S-IBP:N cocrystal is slightly distorted in a monoclinic cell (β = 
90.174°). As a consequence, cell volumes are also very similar. According to the crystallographic data 
reported by Berry et al. (Berry et al., 2008) in the cif files, the periodic molecular organizations within 
both cocrystals are stabilized by two types of H-bonding, i. e. C-O-H…N and C-O…H-N intermolecular 
H-bonds.  Molecular associations between ibuprofen and nicotinamide are formed through C-O-H…N 
H-bonds, while molecular associations between nicotinamide molecules are formed through C-O…H-
N intermolecular H-bonds. These types of H-bonds are highlighted by the arrow 1 and the arrow 2 
respectively on Figure 1.  

Cocrystal Space group a (Å) b (Å) c (Å) ß (°) V (Å3) Z CSD reference 
S- IBP : N Monoclinic 

P21 
5.5238 56.1229 12.0426 90.17 3733 8 SOGLAC 

 
 

RS-IBP :N  Orthorombic 
Pca21 

11.8401 5.5477 56.4166 90 3706 8 SODDIZ 
 
 

Table 1 : Lattice, cell parameters, cell volumes, and Z (number of molecules per unit cell) of S-IBP:N and RS-IBP:N, 

determined by Berry et al (Berry et al., 2008).  

The main purpose of the present work is to analyze the influence of the crystalline synthesis method 

on the polymorphism of cocrystals and to determine the mechanism of cocrystals formation, i.e. to 

determine the type of molecular interactions mostly responsible for cocrystallization and the stability 

of cocrystals. Given that S-IBP:N and RS-IBP:N cocrystallizes in two different structural organizations 

(Berry et al., 2008), these two cocrystals prepared by milling, slow solvent evaporation in a solution 

and by recrystallization from the melt blending, were analyzed by complementary differential 

scanning calorimetry, Raman spectroscopy and X-ray powder diffraction experiments. It is worth 

noting that combining low- and high-frequency Raman investigations (Hédoux et al., 2011; Benjamin 

Malfait et al., 2019) provides very clear information on the structural description of molecular 

materials inaccessible from X-ray diffraction data because of the low electronic weight of atoms, 

especially H atoms. Vibrational spectroscopy methods are also well recognized to be very suitable for 

analysing molecular associations via H-bonding. For greater clarity of the manuscript, only 

investigations performed on S-IBP:N cocrystals are presented in the main text, and comparison with 

analyzes performed on RS-IBP:N are presented in supplementary information. 
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2. Experimental section 

2.1. Materials 

S-Ibuprofen (molecular weight= 206.28 g/mol) was purchased from Sigma-Aldrich, lot number 

BCBH0229V. The purity is equal to 99 %. RS-Ibuprofen (molecular weight = 206.28 g/mol) was 

purchased from Sigma-Aldrich, lot number SLBF2671V. The purity is higher than 99.8 %.  

Nicotinamide (molecular weight = 122.12 g/mol) was purchased from Sigma-Aldrich lot 

number BCBV2931. The purity is higher than 99.5 %. All the samples were analyzed without further 

purification. 

S-ibuprofen and RS-Ibuprofen both crystallize in a monoclinic cell, of similar volumes, with 4 

molecules per cells (Z). Nicotinamide also crystallizes in a monoclinic cell, with four molecules per 

cells. The cell volume is approximately half of that of S and RS ibuprofen. An X-Ray diagram of the 3 

molecules is given in supplementary information (see Figure S2). 

2.2. Cocrystals synthesis 

Cocrystals were synthesized using 3 different methods: (1) by milling, (2) by recrystallization from 

melt blending, and (3) by evaporation from a solution. A white powder is obtained whatever the 

method used. 

(1) Milling of a molar mixture 1:1, i.e. a mass of 61.89 mg of S-ibuprofen (or RS-ibuprofen) 

and 36.63 mg of nicotinamide, was performed within ZrO2 milling jars of 10 cm3 with one 

ball (Ø=10 mm) using an oscillating milling device (MM400 – Retsch) during 1 hour, at 30 

Hz. We took care to alternate milling periods (typically 10 min) with pause periods 

(typically 5 min) in order to limit the mechanical heating of the sample. 

(2) The same molar mixture was firstly melt at 100°C, and secondly cooled down  

(2a) to room temperature for isothermal crystallization,  

      (2b) or below the glass transition temperature, Tg for non-isothermal recrystallization upon 

heating at 25 °C (at 0.5 °C/min).  

(3) Cocrystals were also prepared via slow evaporation from a solution of a 1:1 molar 

stoichiometric mixture of ibuprofen (S- or RS-) and nicotinamide dissolved in ethanol, 

according the method described in reference. Cocrystal powder recovered after 

evaporation was then dried at 30 °C under vacuum for 24 hours. 

2.3. Differential Scanning Calorimetry 

Differential Scanning Calorimetry experiments were performed in a DSC Q20 from TA Instruments. 

Small amount of sample (less than 2 mg) was enclosed in a hermetic aluminium pan. Measurements 

were carried out under nitrogen atmosphere (at flow rate of 50 mL/min). Temperature and enthalpy 

were calibrated with Indium standard at the same heating rate and using the same environmental 

conditions as the experiments. All heating scans were performed at a rate of 0.5 °C per minute. 

2.4. X-Ray Diffraction 

The diffractometer used was a Panalytical XPert PRO, equipped with a copper X-ray tube (λ=0.15406 

nm) and a linear detector allowing acquisition of diffraction pattern from 2θ= 8° to 2θ= 50° with a 

scan step of 0.0167 s/°. The furnace is a capillary heater Huber HTC 9634 used from T= 20°C to 100°C.  

Specimens were introduced in 0.7 mm diameter Lindemann capillaries and were allowed to rotate 

around their vertical axis during data collection in order to improve the statistics. 
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Rietveld refinements  were carried using the MAUD software (Lutterotti, 2010) from data obtained 

by Berry et al. (Berry et al., 2008) on cocrystals obtained by method (1) and (3). The baseline was 

determined with a linear interpolation between 45 points regularly distributed from 6 to 45°. 

2.5. Raman Spectroscopy 

Raman spectroscopy investigations were performed using two spectrometers, depending on the 

investigated spectral domain. 

Low‐wavenumber Raman spectra were collected in the 5–600 cm−1 range using a highly dispersive XY 

Dilor Raman spectrometer to analyze the non-polarized back‐scattered light. The spectrometer is 

composed of a triple monochromator in a configuration characterized by a focal length of 800 mm. 

The choice of experimental conditions (incident radiation from a mixed argon–krypton Coherent 

laser selected at 514.5 nm, entrance and exit slit widths opened at 150 μm) allows the rejection of 

the elastic scattering below 5 cm-1 without additional filters, and gives a spectral resolution of about 

1 cm−1 in the 5–600 cm−1 region. Samples were loaded in spherical pyrex cells hermetically sealed. 

The temperature of the sample was regulated using an Oxford nitrogen flux device that keeps 

temperature fluctuations within 0.1°C. After quenching the liquid state from 100°C down to -50°C, 

the non-isothermal crystallization process was analyzed by collecting low‐wavenumber spectra 

during a heating ramp at 0.5°C/min from -50°C up to 100°C. This spectrometer was only used for 

analyzing the low-frequency region characterized by a relatively high Raman signal, spectra being 

taken in 120 s. This spectral region gives the opportunity to simultaneously analyze rapid relaxational 

motions (β-fast motions) and the collective motions. The first type of motions can be used for 

analyzing order-disorder phase transformations, while the second type of motions is distinctive of 

the molecular organization from the short-range (VDOS in amorphous states) to the long-range order 

(lattice modes in crystalline states). The specific data processing related to the overlapping of the 

contributions of these two types of motions was deeply described in previous review (Hédoux, 2016) 

or papers(Hédoux et al., 2011; B Malfait et al., 2019), and in the supplementary information. 

The drawback of a very high dispersive spectrometer is a significant loss of Raman intensity, 

increasing with the frequency. Consequently, high-frequency (400-2000 cm-1) Raman spectra were 

collected using InVia Renishaw micro-Raman spectrometer. The laser line (514.5 nm line from a 

Fandango Cobolt laser) was focused on the powder sample via a Leica X50 objective providing the 

signal within a volume of about 150 μm3. The sample temperature was controlled by placing the 

sample in a THMS 600 Linkam temperature device. 

3. Results and discussion 

3.1. Analysis of the cocrystal structure at room temperature versus the preparation method. 

3.1.1. X-ray powder diffraction (XRPD)  

XRPD patterns of S-IBP:N and RS-IBP:N cocrystals prepared by milling (method 1) and evaporation 

(method 3) are similar to those obtained by Berry et al.(Berry et al., 2008), as shown in Figure 2  for 

S-IBP:N. Rietveld refinements were performed on these two cocrystals using the crystallographic 

structure previously determined (Berry et al., 2008). A relatively good agreement is obtained 

between the fitting procedure which has rapidly converged toward the same molecular organization 

previously determined (Berry et al., 2008) and described in Figure 1  and  Table 1 and experimental 

powder data, except some discrepancies induced by the low resolution of our laboratory X-ray 

source.  

By contrast, the XRPD diagram of cocrystals obtained by recrystallization from the melt blending 

(method 2a: the molar mixture was heated ex-situ and then analyzed by XRPD) shows significant 

differences from those corresponding to cocrystals obtained by methods (1) and (3), as it can be seen 
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in Figure 3. It is the first evidence of a second crystalline form of S-IBP:N cocrystal. However, method 

(2) does not allow to obtaining single crystals, and no successful Rietveld refinements of XRPD 

pattern can be obtained using a X-ray laboratory source. 

3.1.2. Low-frequency Raman Spectroscopy (LFRS)  

LFRS in the 5 – 200 cm-1 region provides the crystalline fingerprint of the cocrystals. The similarity in 
the structural description of S-IBP:N and RS-IBP:N cocrystals is clearly observed in the spectra of 
lattice modes of the two cocrystals prepared by method (3), plotted in Figure 4a, directly 
representative of their crystalline identity. This result is in line with X-ray data reported by Berry et al. 
(Berry et al., 2008) and obtained in the present study (See Figure S3 in supplementary information).  

Raman spectra collected in cocrystals prepared by milling provide similar information in agreement 
with XRPD analyzes. By contrast, the spectrum of cocrystals recrystallized from the melt blending 
(method (2b)) shows small but significant differences compared to spectra of cocrystals prepared by 
methods (1) and (3). These differences between spectra can be clearly observed in Figure 4b for S-
IBP:N cocrystal, only in the very low-frequency range (ω < 50 cm-1) via band shifts, the number of 
lattice modes being constant. It is the indication of no drastic change in the lattices of cocrystals 
prepared by methods (2) and (3), except very weak lattice distortions as observed in Figure 4a 
between cocrystals prepared from S-IBP and RS-IBP. 

An important consequence arising from these investigations is the evidence of a new crystalline form 

for S-IBP:N cocrystals called here form A (the previous known form is called form B), and a possible 

existence of polymorphism in S- or RS-IBP:N cocrystals, analyzed below. 

3.2. Physical stability of new form A: Polymorphism exploration in cocrystals 

3.2.1. Differential Scanning Calorimetry  

Differential scanning calorimetry (DSC) is the most suitable technique for directly analyzing phase 

transformations. In a first step (Run 1), S-IBP:N cocrystal was heated after preparation by method (3) 

from room temperature up to 100 °C at 0.5 °C/min. In a second step (Run 2), the samples were 

cooled at 20°C/min until -60°C. Then, DSC runs were performed between -60 and 100 °C (Run 3). The 

same method was used for both cocrystals (see Figure 5 for S-IBP:N and Figure S3 for RS-IBP:N). 

Similar results are obtained when the cocrystals was heated after preparation by method (1). 

The melting temperature of S-IBP:N cocrystals is determined at 80 °C, independently of the synthesis 

method of cocrystallization, in agreement of that reported by Berry et al.(Berry et al., 2008). The 

melting temperature is determined at 90 °C for RS-IBP:N whatever the synthesis method. The small 

difference between melting temperatures of S-IBP:N and RS-IBP:N cocrystals  can be explained by a 

close crystallographic structure of both cocrystals, reflected by similar low-wavenumber band-shapes 

in Figure 4a. In both cases, the cocrystallization with nicotinamide, whose melting point is higher 

than in IBP (between 126 and 128°C), makes it possible to increase the melting point of the 

compound. 

The DSC trace plotted in dashed line in Figure 5 reveals only one thermodynamic event 

corresponding to an intense endothermic peak associated to the melting of the S-IBP:N cocrystal (Tm 

= 80.5 ± 0.5 °C).  The melt blending was then quenched down to -60 °C for a second heating run. The 

DSC trace recorded during the cooling run at 20 °C/min was only plotted (in thick line) in the 

temperature range where an event was detected and corresponding to the Cp jump distinctive of the 

glass transition at Tg ~ -20 °C. The trace of the second heating run from -60 up to 100 °C clearly 

reveals a two-step crystallization via a bimodal exotherm lying between 10 and 35 °C. 

No additional transformation was detected below the temperature of melting. It is worth noting that 

the endothermic peaks corresponding to the first and second heating runs are rigorously 
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superimposed. Similar results have been obtained for the RS-IBP:N cocrystal, except that the 

recrystallization is detected from only one exotherm in the second heating run. The DSC traces for 

this cocrystal are plotted in Figure S3 in Supplementary materials. It should be also outlined that only 

one Cp jump was detected at temperature between Tg values of IBP and nicotinamide indicating that 

after melting and quenching, the phase transformation sequence of the sample is typical of a single 

component material, not corresponding to phase transformations of the physical mixture. 

3.2.2.  X-Ray diffraction  

X-ray diffraction analyzes have been performed between room temperature and 100°C. Both 

cocrystals synthesized by method (1) and (3) remain in form B until melting. The stability of form B 

upon heating up to Tm is confirmed by the evolution of lattice parameters analyzed by Rietveld 

method (see Figure S5 in the supporting information).  

After cooling down to ambient temperature from temperatures above Tm, both blends are in 

amorphous form. X-Ray diffraction diagrams were collected at room temperature 24 hours after 

cooling. For both S-IBP:N and RS-IBP:N cocrystals, the diagrams of recrystallized compounds do not 

correspond to those of form B. The peak positions and intensities correspond to the XRD patterns of 

the cocrystal obtained after synthesis by method (2a), i.e. form A, as shown in Figure 6 for S-IBP:N. 

Upon heating S-IBP:N cocrystal, form A transforms into form B at 65°C (Figure 6), then, above 80°C, 

melting of the cocrystal is observed (not shown). The RS-IBP:N cocrystal has a similar behaviour (see 

Figure S6), but the polymorphic transformation occurs at 75°C and the cocrystal melts above 90°C. 

3.2.3.  Low-frequency Raman spectroscopy  

It was previously shown that the use of Raman spectroscopy, especially performed in the low-

frequency region can compensate the difficulties of X-ray diffraction to obtain robust data for 

molecular systems mainly composed of atoms with low electronic weight. Indeed, only low-

frequency Raman analyzes have revealed a substantial disorder in form II of RS-ibuprofen (Hédoux et 

al., 2011; B Malfait et al., 2019) not detected by X-ray diffraction (Derollez et al., 2010). Additionally, 

low-frequency Raman spectroscopy has recently highlighted a polymorphic transformation in 

Sulindac (Latreche et al., 2019b) not yet detected before, showing the high sensitivity of Raman 

spectroscopy in the low-frequency range at various temperatures. 

For obtaining a more detailed description of the devitrification mechanism, low-wavenumber Raman 

investigations were carried out with similar thermal conditions than those used for DSC experiments. 

The low-frequency spectra were collected during a heating ramp from -60 to 100 °C at 0.5 °C/min 

(plot on Figure 7a) after a quench of the melt blending. This analysis can be used to interpret the DSC 

trace of the second heating run. Spectra were systematically converted in reduced intensity, for 

obtaining a Raman signal very sensitive to phase transformations (see figures S7 to S10 in the 

supplementary information). Integrating the reduced intensity in the spectral range (10 – 40 cm-1) 

dominated by the quasielastic intensity, provides the temperature dependence of IQES plotted in 

Figure 7b. The quasielastic intensity corresponds to rapid motions precursor of phase 

transformations involving anharmonic motions thermally activated. The IQES(T) plot firstly shows the 

glass transition, detected around -20 °C through a change in the slope, as previously observed in 

various pharmaceuticals (Latreche et al., 2019; Malfait et al., 2019; Müllers et al., 2015). The second 

feature observed in the IQES(T) curve, is the drastic decrease of IQES corresponding to the 

recrystallization process. Interestingly, a shoulder in the decrease of IQES is clearly observed around 

15 °C. This non-continuous IQES decreasing can be associated with the bi-modal exotherm observed in 

the same conditions in DSC experiments. Spectra are plotted in reduced intensity (Ir) in Figure 7a, in 

the 0 – 25 °C temperature range where the decrease of IQES, corresponding to the recrystallization 
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process, is observed. Spectra recorded between 0 and ~ 15 °C, corresponding to the first step of the 

crystallization mainly show a significant decrease of the quasielastic intensity, accompanied by a 

structuration of the spectrum. However, no phonon peak is clearly detected in the spectrum 

collected around 15°C at the end of the first step of crystallization and plotted in thick line in Figure 

7a. This spectrum was converted into Raman susceptibility and compared with spectra of phonons of 

cocrystals prepared by methods (2) and (3) in Figure 7c. The spectrum taken along the heating ramp 

clearly reveal an additional intensity at very low frequencies (<20 cm-1) compared with spectra of 

cocrystals. It can be interpreted as an excess of VDOS distinctive of amorphous states, since VDOS 

spectra in amorphous states are characterized by a deviation from the ω2-dependence typical of the 

debye law observed in crystalline state. At higher wavenumbers, the spectrum roughly appears as 

the envelope of phonon peaks of cocrystals, except around 30 cm-1 where a broadened emerging 

band is detected with no correspondence in the spectra of cocrystals. The broadened bands 

emerging from the spectrum of the undercooled liquid in the 100 – 150 cm-1, during the first step of 

the crystallization suggests that the undercooled liquid firstly transforms into a nanococrystalline 

state with a molecular organization slightly different from those of the cocrystals prepared by 

methods (2) and (3). It is worth noting that the different structural organizations are only detected in 

the same spectral range lying between 10 and 50 cm-1, corresponding to very weak intermolecular 

interactions, which could correspond to slight changes in molecular associations via H-bonding.  

The second step of crystallization is clearly observed in Figure 7a via the emergence of phonon peaks 

located by up arrows in Figure 7a, which are commonly observed in the various forms of cocrystals 

above 40 cm-1. It is also important to outline that the two steps of the crystallization process are not 

detected both by DSC and low-wavenumber Raman spectroscopy experiments performed on RS-

IBP:N. 

Figure 7b also reveals an additional feature around 50 °C corresponding to a subtle transformation, 

not detected in DSC experiments, probably because it is a low energetic phase transition hardly 

observed by DSC with a relatively weak scanning rate (0.5 °C/min). The χ”(ω) spectrum taken just 

above this transformation at 65 °C, plotted in Figure 7d, clearly shows that the change in the 

quasielastic intensity reflects the transformation of form A into form B, i. e. into the crystalline state 

prepared by method (1) and (3). A similar phase transformation was also detected along the 

devitrification process of the RS-IBP:N sample, in Figure S11 of Supplementary Materials. Above 90°C, 

melting of the compound is observed. 

Consequently, the panel of Figure 7a, 7b, 7c, 7d shows the existence of various crystalline states 

upon devitrification of S-IBP:N, from the nano to the mesoscale, with physical stabilities limited on 

relatively narrow temperature ranges. Similar features were observed on RS-IBP:N, except that 

recrystallization occurs directly in form A. 

3.3. Analysis of the isothermal crystallization of the S-IBP:N amorphous formulation  

Given that a transient state was detected along the non-isothermal crystallization process of the S-

IBP:N formulation, the kinetics of crystallization was analyzed by collecting low-frequency Raman 

spectra every minute at room temperature after cooling the melt blending from the liquid state (just 

above Tm) down to room temperature. The spectra collected during the isothermal aging at room 

temperature are plotted in Figure 8a in the representation of reduced intensity. A clear intensity 

decrease at very low frequencies accompanied with the emergence of phonon peaks are detected 

after about 200 minutes. These features can be more easily analyzed by plotting the IQES in Figure 8b.       

After 240 minutes both figures Figure 8a and Figure 8b show the melting of the growing crystalline 

state via a rapid increase of the low-wavenumber quasielastic intensity distinctive of the liquid state, 
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which directly decrease again for achieving the crystalline state after about 400 minutes of 

isothermal aging. The Ir(ω) spectra collected at the beginning of the isothermal aging (t=1min), and 

at the characteristic stages of the crystallization (after t=200, 214, 240 and 400 minutes) were 

plotted in Figure 9a. This figure reveals that the spectrum of the first stage of the isothermal 

crystallization (t=214 min) corresponds to the broadened spectrum of that obtained after achieving 

the complete crystallization. More detailed information can be expected by converting Ir(ω) spectra 

into χ”(ω) spectra, plotted in Figure 9b,  after removing the quasielastic component. Figure 9b 

confirms that the spectrum collected at 214 minutes corresponds to a microstructure of the 

crystalline state obtained after 400 minutes of isothermal aging. The same figure also indicates that 

the co-amorphous formulation crystallizes in the same form A by methods (2a) or (2b).  

Consequently, as observed for the non-isothermal crystallization (method (2b)), the isothermal 

crystallization is achieved via a transient metastable state corresponding to a microstructure of the 

form A. 

3.4. Analysis of molecular associations via H-bonds 

To better understand the structural changes detected in the very low-wavenumber region along the 

devitrification process, the analysis of H-bonds was performed in the high frequency range on forms 

A and B of S-IBP:N samples. The 2800 – 3500 cm-1 region was investigated at various temperatures to 

highlight the different types of H-bonds. The spectra of forms A and B of S-IBP:N cocrystal are plotted 

at room temperature in Figure 10. This spectral region is dominated by the contribution of C – H 

stretching vibrations. At higher wavenumbers the domain of N – H and O – H stretching vibrations 

was enlarged for better clarity of spectrum comparisons of forms A and B at room temperature and 

form A at 20 and -100 °C. Spectra were normalized by the intensity of the C – H stretching bands. 

The comparison of spectra of form A at 20 and -100 °C clearly shows three stretching vibrations of 

bonds involved in intermolecular associations via H-bonding, easily recognized by the positive 

temperature dependence of the Raman bands. The N-H stretching band around 3150 cm-1 is 

distinctive of N–H…O molecular associations, while the temperature dependences of O-H stretching 

bands located at 3390 and 3400 cm-1 reflect O–H…N associations. It is observed in Figure 10 that the 

main difference between forms A and B is observed in the O-H stretching spectrum, while N-H 

stretching band regions are roughly similar. The temperature dependences ωOH(T) of O-H stretching 

bands  are plotted in Figure 11 for S-IBP:N (see Figure S12 for RS-IBP:N). Both figures 10 and 11 

undoubtedly reveal the existence of two OH stretching bands distinctive of two types of H-bonds 

involving OH groups, via the observation of two different positive temperature dependences. It is not 

in agreement with structural data reported by Berry et al. (Berry et al., 2008) indicating only one type 

of H-bond (O – H…N) involving OH groups, between nicotinamide and ibuprofen molecules. 

Consequently the low-frequency band (around 3375 cm-1) could result from a disordered 

organization of nicotinamide and ibuprofen molecules. This can be corroborated by the significant 

broadening of this band with respect to that observed at higher frequencies (3400 cm-1), since the 

bandwidth can be related to the distribution of intermolecular H…N distances. On the other hand, the 

lower intensity of this band (3375 cm-1) compared to that observed at 3400 cm-1 indicates a smaller 

proportion of disordered supramolecular IBP-N population. 

Figure 11 shows similar behaviours of the most intense OH stretching band (around 3400 cm-1 at 

room temperature), while the lowest intense band (~3375 cm-1) exhibits two drastically different 

temperature behaviours in forms A and B, especially in the 25 – 50°C temperature range, i.e. from 

temperature at which crystallization is achieved. In form A the frequency of the 3375 cm-1 band is 

higher than that in form B, reflecting weaker molecular interactions between nicotinamide and 

ibuprofen in form A than in form B. In this context form A is less stable than form B, considering that 
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H-bonds are responsible for the crystalline stability. The larger value of the ωOH(T)-slope in form A 

shows a loss of the crystalline (form A) stability upon heating associated to the weakening of the 

molecular interactions. Indeed the band frequency increases upon heating in a larger extent in form 

A than in form B, prior the drop at 50°C to a frequency roughly corresponding to form B. 

Consequently, the phase transition of form A toward form B can be interpreted as resulting from the 

instability of some OH…N molecular associations. The crystallization in form A around the room 

temperature can be explained by a very similar supramolecular organization at room temperature 

and in the liquid state, since the low intense O – H stretching band is detected at about the same 

frequency at room temperature and at 80 °C. The two-step crystallization process observed both 

along the isothermal and non-isothermal crystallization is probably induced by a competition 

between the existing supramolecular organization and the formation of stronger H-bonds 

corresponding to a supramolecular organization too far from that existing in the liquid state. 

Recrystallization from the melt is achieved by the formation of weaker H-bonding (band around 3400 

cm-1) in a larger extent than that of the stronger H-bonds (band around 3375 cm-1). The crystalline 

stability is ensured by a great number of weak IBP-N molecular associations (band at 3400 cm-1), 

while the polymorph stability is controlled by a weak number of stronger molecular associations 

(band at 3375 cm-1).  

This H-bonding analysis indicates that the very weak differences existing in the structural 

organization in the various crystalline states of S-IBPN are closely related to very weak changes in 

molecular associations via O–H…N H-bonding, which could be inherent to a molecular packing in the 

amorphous state too different from that energetically favoured in the crystalline state. It is worth 

noting that the 3375 cm-1 O-H stretching band is weakly intense, very broad and then related to 

various types of O – H…N H-bonding corresponding to various H…N orientations and/or distances in 

addition to H-bonding related to the 3400 cm-1 band. This additional band reflects a disorder in the 

molecular organization induced by melting. By contrast, PXRD data indicates the existence of only 

one type of O – H…N H-bonds. Raman investigations show that these additional H-bonds control the 

stability of the crystalline forms of S-IBPN cocrystals prepared by recrystallization from the melt 

blending. 

It is worth noting that no trace of degradation induced by heating was detected in low- and high-

frequency spectra, which could change molecular conformation or induce a fluorescence 

contribution to the spectrum. It is not surprising given that degradation is very rarely observed below 

100 °C, and the meting temperature of cocrystals is around 80 °C. On the other hand, spectroscopic 

analyses performed on milled molecular materials (Guinet et al., 2016; Hédoux, 2016; Latreche et al., 

2019a) have shown the absence of conformational changes induced by milling. 

A Gibbs diagram of the S-IBP:N formulation is plotted in Figure 12. Cocrystals synthesized by method 

(1) and (3) are in form B, while cocrystals synthesized by method (2a) and (2b) are in form A. No 

transformation occurs upon heating form B until melting. After quenching at room temperature 

(Raman spectroscopy, XRD results) or at lower temperatures (Raman spectroscopy, DSC results), 

IBP:N formulations are amorphous. Upon heating from the glassy state, the glass transition is 

detected at -20°C. Form A is then obtained upon further heating at about 20°C and transforms into 

form B, at 65°C. This transformation is not reversible, because melting form B is necessary to obtain 

form A again. 

4. Conclusion 

This study highlights the importance of the synthesis method used for obtaining IBP:N cocrystals. 

Both PXRD and Raman analyzes have revealed that IBP:N melt blending recrystallizes in a crystalline 
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form (form A) slightly different from form B prepared by milling or evaporation. Molecular 

organizations in the two forms are very similar but composed of different molecular associations 

leading to weak changes in the lattice modes at the very low-frequencies (< 50 cm-1). 

Recrystallization of S-IBP:N leads to the observation of successive phase transitions, i.e. a two-step 

crystallization into form A via a nano/micro-crystalline state, and the polymorphic transformation of 

form A into form B which is the unique and stable form prepared by methods (1) and (3). Figure 10 

shows that Forms A and B are slightly different from the energy point of view, that’s can explain the 

non-detection of the A→B transformation by DSC. Both isothermal and non-isothermal 

crystallizations are described as a two-step process via a transient metastable state corresponding to 

a nano/micro-structure of form A, probably inherent to the difficulty of H-bonding formation 

corresponding to the most stable supramolecular organization. This indicates the extreme difficulty 

for achieving a stable state by recrystallization from the melt blending, and the importance of 

considering the preparation method to obtain stable cocrystals. This study therefore indicates the 

existence of polymorphism in pharmaceutical cocrystals. It is particularly interesting from a 

fundamental point of view, but also with the aim of greatly increasing the dissolution properties of 

an API by coupling cocrystallization and exploration of polymorphism. 

The study provides also important information on the mechanism of cocrystal formation via H-

bonding. As a consequence of multiple possible supramolecular organizations, synthesis methods of 

cocrystallization requiring heating the formulation at temperatures close to Tm of cocrystals (holt 

melt extrusion, spray-drying,…) could generate polymorphism situations. 
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Figure 1 : Unit cell of S-ibuprofen:nicotinamide cocrystals. Example of C-O-H…N bonds is indicated by the dotted line located 

by the circle and the arrow 1. Example of C-O…H-N bonds is indicated by the full line located by the circle and the arrow 2. 

 

 

Figure 2 : Rietveld plot of S-IBP:N cocrystals prepared by method 3. Observed intensities are indicated by dots, and solid lines 

represent the result of the fitting procedure (red upper trace) and the difference between the fit and the experimental 

pattern (black lower trace). The vertical bars correspond to the Bragg peak positions. 

 

 

Figure 3 : X-Ray diffraction pattern on S-IBP:N cocrystals prepared by method (2a) (down) and method (3) (up).   
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Figure 4 : Raman susceptibility spectra of a) S-IBP:N and RS-INP:N cocrystals and b) S-IBP:N cocrystals prepared by the three 

methods  

 

Figure 5 : DSC traces of S-IBP:N cocrystal after preparation by method (3). Run 1 and 3: heating at 0.5 °C /min (see text for 

details).  
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Figure 6 : Temperature dependence of X-ray diffraction patterns of S-ibuprofen-nicotinamide cocrystals recrystallized in 

Form A after heating above T and cooling down to 20 °C, followed by 24 h isothermal at 20 °C: (1) Form A at 20 °C (2) Form A 

at 55 °C and (3) form A at 65 °C transforms to Form B (same crystalline structure as obtained by synthesis method 3). 
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Figure 7 : Panel of images obtained from low-frequency Raman data collected along the non-isothermal crystallization of 

the S-IBP:N formulation;  a) reduced intensity Spectra, the arrow oriented toward the bottom indicates the decrease of the 

quasi-elastic intensity from the liquid to the transient state, while arrows toward up locate features in the transient 

metastable state corresponding to phonons of form A,  b) Temperature dependence of IQES, the vertical arrow highlights the 

A → B transformaBon, and the horizontal arrows indicates the spreading of the crystallization; c) χ”(ω) spectrum collected at 

15°C during the heating run and compared to spectra of polymorphic forms taken at 20°C and  d)  χ”(ω) spectrum collected 

at 65°C during the heating run compared to spectra of polymorphic forms taken at 20 °C. 

 

           

Figure 8 : Low-frequency Raman data collected along the isothermal crystallization process of S-IBP :N formulation at room 

temperature : a) Ir(ω) spectra and b) Time dependence of IQES. 
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Figure 9 : Low-frequency Raman spectra collected at room temperature, at various times distinctive of the isothermal 

crystallization mechanism of the S-IBP:N formulation : a) Ir(ω) spectra collected at 1,214, 240 and 400 minutes and b) χ”(ω) 

spectra collected at 214 and 400 minutes and compared with the spectrum of form A taken along the non-isothermal 

crystallization (method 2b) at room temperature. 

 

Figure 10 : Intramolecular C-H, N-H and O-H stretching region in form A at 20 and -100 °C (dashed line) and in Form B at 

20°C for S-IBP:N. The inset presents a zoom along the y-axis of the N-H and O-H stretching region.  
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Figure 11 : Temperature dependence of O-H stretching band wavenumbers in Form A and B for S-IBP:N cocrystal. The lines 

correspond to the result of a least-square refinement procedure with a linear function of T. The values of slopes are reported 

in the graph. Triangles indicate Form A and diamonds indicates Form B. 

 

 

 

Figure 12 : Gibbs diagram of S-IBP:N cocrystal. Tg is the glass transition temperature, Tc is the crystallization temperature, 

TA→B is the polymorphic transition temperature and Tm is the melting temperature 

 

 

 






