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1. Introduction 

 

1.1 ATR-IR spectroscopy 

 

Vibrational spectroscopies are extensively used for the characterization of 

materials in various academic and industrial fields. A vibration is defined as periodic 

variation of the interatomic distance in a compound. In the case of a diatomic molecule, 

A-B, the vibration frequency is modeled using the simple Hook’s law under the 

approximation of a harmonic oscillator. The frequency of vibration is defined as the 

following equation: 

𝜈 =
1

2𝜋𝑐
√

𝜅

𝜇
  (1-1) 

where  is the force constant associated with the chemical bond and is the reduced 

mass. For more complicated molecules, different types of vibrations are possible [1]. Two 

types of vibrations with different energy are recognized for the molecules other than 

diatomic ones: stretching vibration , corresponding to an elongation of chemical bonds, 

and bending vibration. The later exhibits higher energy than the former.  

Infrared spectroscopy is an analytical technique that offers various applications 

in the field of pharmaceutical sciences. Fourier transform (FT) – IR spectroscopy, which 

is widely employed in scientific researches, requires sample dilution with KBr powder, 

because its sensitivity is too high to measure raw materials [2]. In contrast, attenuated 

total reflectance (ATR) – IR spectroscopy enables rapid and nondestructive 

measurements of as low as few mg of solid and liquid samples either in bulky or filmy 

state without any dilution. Moreover, ATR-IR spectroscopy can analyze suspension and 

paste samples. 

 

 

1.2 Apatite cement 

 

The continuous development of biocompatible materials has got attention to the 

application of different forms of calcium phosphate derivatives. Amongst them, 

hydroxyapatite (HAp) has been proven to be biocompatible, chemically stable and can be 

used for a wide range of bone-related applications. The focus of current researches is to 
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develop more biologically simulated versions of HAp. 

Although the inorganic constituent of bone is recognized as HAp [3], biological 

HAp is, more strictly, a carbonate apatite expressed as the chemical formula of Ca10-

a(PO4)6-b(CO3)b(OH)2-c. In the carbonate apatite, CO32− substitutes for the lattice ion of 

HAp (i.e., PO43− or OH−) [4]. Brown and Chow reported that the mixture of metastable 

calcium phosphates, tetracalcium phosphate (TeCP) and dicalcium phosphate dihydrate 

(DCPD), transformed into HAp with similar crystallinity to that of bone [5]. Thus formed 

“self-setting TeCP-DCPD apatite cement” hardens isothermally around neutral pH, 

enabling the inclusion of drugs such as insulin and cephalexin without denaturation. 

The cement is capable of inducing massive osteoconduction and replaced by the host bone 

when it is embedded in bone [6]. 

 

1.3 Polymorphism 

 

The polymorphs and pseudo-polymorphs (hydrates and solvates) of 

pharmaceuticals exhibit different physicochemical properties such as solubility, 

dissolution rate, stability and hygroscopicity. They also relate to the variation of 

pharmaceutical properties of dosage forms, e.g., bioavailability, efficacy, stability and 

toxicity [7]. Pharmaceutical regulations are, therefore, required for the production of an 

appropriate bulk powders, in which well specified crystalline modifications are included 

[8]. Hygroscopic compounds in a solid dosage form often come in contact with moisture 

stemmed from manufacturing and/or storage processes, resulting in the polymorphic 

transformation [9]. 

Powder X-ray diffraction analysis (PXRD) is the most popular and useful 

method to identify crystalline modifications and to determine respective contents in bulk 

powders and/or excipients for pharmaceutical preparations, as regulated in United 

States Pharmacopeia and the Japanese Pharmacopeia [10]. However, PXRD needs more 

time for drying and analyzing sample. ATR-IR spectroscopy can, therefore, be employed 

as an alternative method to analyze crystallinity or crystal structure instead of PXRD 

[11]. 

 

1.4 Chemoinformatics 

 

Chemoinformatics is a useful tool to analyze complex data (e.g.: spectra, 

chromatograms, X-ray diffractograms). The most widely used chemoinformatic methods 

include multiple linear regression, principal component analysis / principal component 
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regression (PCA/PCR) and partial least squares (PLS) regression [12]. The multivariate 

curve resolution (MCR) – alternating least squares (ALS) method can provide an 

improved resolution compared to other methods, and allow quantitative determinations 

[13]. Calvo et al. reported the effect of temperature on the cimetidine crystal transition 

(Form A, B, C, D and mono hydrate) based on ATR-IR spectroscopy and MCR-ALS [14]. 

Regulatory authorities such as the United States Food and Drug 

Administration and the International Conference on Harmonization have requested to 

use application process analysis tool of quality of the medicine in order to reduce the 

production risk of inferior pharmaceuticals [15,16].  Since the introduction of guidelines 

for process analytical technology (PAT), on-line and real-time analysis as a tool for 

monitoring and controlling manufacturing process has become increasingly accepted in 

pharmaceutical industry [17,18]. 
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2. Effect of carbon dioxide on self-setting apatite cement formation 

from tetracalcium phosphate and dicalcium phosphate dihydrate; 

ATR-IR and chemoinformatics analysis 

 

2.1 Introduction 

 

Hydroxyapatite (Ca10(PO4)6(OH)2; HAp) (more strictly, non-stoichiometric 

substituted HAp) is a major constituent of bone (~60% by weight) and has high 

biocompatibility. In the field of biomaterials, bioactive HAp bone cements are generally 

produced from tetracalcium phosphate (Ca4(PO4)2O; TeCP) and dicalcium phosphate 

dihydrate (CaHPO4･2H2O; DCPD) in the presence of phosphoric acid. This kind of bone 

cement, which contains remaining TeCP and DCPD, is called “self-setting apatite cement 

(SSAC)”. The cement has moderate crystallinity with similar characteristics to 

mammalian bone [5,19,20] and high biocompatibility. It is often used as a bone filler for 

bone defects in orthopedic surgery [21]. Hamanishi et al. reported a new drug delivery 

system (DDS) for Vancomycin, based on SSAC; the DDS-SSAC was successfully applied 

to the treatment of methicillin resistant Staphylococcus auresus osteomyelitis [6]. 

Hamada et al. reported a DDS-SSAC containing simvastatin, and the medium-

responsive release of the drug in vitro. They investigated bone mineral density change 

after the implantation of the DDS-SSAC in osteoporotic rats by means of an X-ray 

computed tomography [22]. 

 Miyamoto et al. quantitatively measured the transformation of TeCP and 

dicalcium phosphate anhydrate (DCPA) into HAp by a powder X-ray diffraction analysis 

(XRD) [23]. XRD is, however, not sufficient to measure the self-setting process, because 

XRD cannot follow rapid reaction in minutes or shorter.  In addition, the method 

requires relatively large amount of sample (> 0.1 g). It is, therefore, highly desirable to 

clarify the self setting mechanism of HAp from TeCP, DCPD (or DCPA) in order to 

develop new generation biomaterials. 

 Fourier transform infrared (FT-IR) spectroscopy is one of the most versatile 

analytical methods for the identification of materials and the quantification of their 

components. The spectroscopy can afford chemical and/or physical information on the 

materials with IR-active vibrations (symmetrical/anti-symmetrical stretching, scissoring, 

etc.), light diffusivity and so on. The relationship between IR absorbance and the 

concentration of the component obeys Lambert-Beer’s law. Petrov and Šoptrajanov 
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successfully applied FT-IR spectroscopy to the characterization of metastable calcium 

phosphates [24]. Changa and Tanaka [25] employed FT-IR spectroscopy to analyze the 

cross-linking of the HAp/Collagen nano-composite. Conventional FT-IR spectroscopy 

requires, however, sample dilution with potassium bromide powder, because its 

sensitivity is too high to measure raw materials. Attenuated total reflection (ATR)-IR 

spectroscopy can overcome such shortcomings of FT-IR spectroscopy, and rapidly 

measure a few milligrams of sample in monolithic, thin film-like or liquid form without 

dilution [26,27].  

 Chemoinformatics is a combination of mathematical and statistical methods for 

the design or selection of the optimal conditions of experiments and for the derivation of 

utmost pieces of chemical information through the analysis of acquired data [28,29].  

Principal component analysis (PCA) is a multivariate analysis that can be used for the 

analyses of reaction kinetics and of spectra obtained by spectroscopies [14]. 

 The author has been studying on the polymorphic transition of drugs in 

pharmaceutical tablet by means of XRD [9] or FT-near infrared spectroscopy coupled 

with Chemoinformatics [31]. In the present study, the author proposed an ATR-IR and 

PCA based approach for the elucidation of the reaction mechanism of rapid self-setting 

apatite formation from TeCP-DCPD suspension. 
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2.2 Experimental 

 

2.2.1 Materials 

TeCP and DCPD powders were purchased from Taihei Chemical Industrial Co. 

(Osaka, Japan) and Wako Pure Chemical Industries (Osaka, Japan), respectively. The 

apatite cement was prepared according to the procedure described by Brown and Chow 

[5]. The raw material for the preparation of the cement powder was an equimolar 

mixture of TeCP and DCPD powders, in which the molar ratio of Ca/P was 1.67. 

 

2.2.2 Powder X-ray diffraction analysis 

The raw material, which had been stored at high humidity, was carefully ground 

in an agate mortar with a pestle. Loosely packed sample was prepared in order to avoid 

crystal orientation when it was poured in the holder of the instrument without 

compression. The crystal phases in the specimens thus prepared were analyzed with a 

powder X-ray diffraction (XRD) system (Miniflex Rigaku Co. Ltd., Tokyo, Japan) at room 

temperature. Measurement conditions were as follows: Ni-filtered CuKα radiation (λ = 

0.1540 nm); voltage, 30 kV; current, 15 mA; time constant, 1 s; step slit, 0.2°; counting 

time, 1.0 s; measurement range, 2 = 5.0° ~ 45.0°. 

 

2.2.3 Infrared spectroscopy measurement 

Infrared spectra were measured with an FT-IR spectrometer (FT/IR-6500, 

JASCO Co., Tokyo, Japan) equipped with an ATR accessory, which was inserted directly 

in the light beam. Five milligrams of mixed TeCP-DCPD powder was kneaded with 20.0 

μL of 11.0 mmol/L phosphoric acid. The paste was put on a germanium glass of the ATR 

accessory and covered with a sheet of Parafilm® at room temperature. IR spectra of the 

suspensions were measured in the range of 600–3800 cm-1 at a resolution of 8 cm-1 and 

acquired as digital data in a computer for further kinetic analysis. The data of 120 scans 

were normalized based on the area under the observed spectrum [32] and corrected, 

where air spectrum was subtracted from the averaged spectrum as a background. 

 

2.2.4 Software 

The chemoinformatics calculations were performed by UNSCRAMBLER 

software version 10.2 from CAMO (Computer Aided Modelling, Trondheim, Norway). 

 

2.2.5 Principal component analysis (PCA) 

Although ATR-IR spectra can be represented in n-dimensional space, it is 
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difficult to comprehend the data in the dimensions more than three. It is, therefore, 

useful to reduce the dimensionality of the multidimensional spectral space [33]. 

Multivariate analysis methods such as PCA can reduce the dimensionality of 

multidimensional space while retaining most of the original information in the data set. 

PCA operates by obtaining eigenvalues of the variance-covariance matrix (S) of the origin 

of data set and the eigenvectors. Calculation of the eigenvalues and eigenvectors can be 

accomplished readily via the singular value decomposition of S. The mean centered data 

matrix X is, therefore, reduced to the sum of a cross-product of two smaller matrixes P 

and T, and a residual matrix E,  

 

  X = TPT + E       (2-1) 

 

Where T is the matrix of the eigenvectors (loadings) and P is the matrix of scores. The 

cross-product of TPT contains most of the original variance in X. This term (TPT) is the 

structured part of the data: the part that is most informative. The remain (E) represents 

the fraction of variation that cannot be modelled well [32]. 
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2.3 Results and discussion  

 

2.3.1 XRD analysis 

 

Fig. 2-1 shows the powder X-ray diffractograms of SSAC, TeCP, equimolar 

mixture of DCPD and TeCP raw cement, and DCPD; SSAC was prepared through 

kneading the TeCP-DCPD mixture (5.0 g) with 11.0 mmol/L phosphoric acid (20.0 μL) for 

one day. The profile of SSAC shows broad peaks at 25.8, 31.6 and 32.7º that are 

characteristic of HAp. The profile of TeCP have distinct peaks at 25.2, 27.8, 28.1, 29.1, 

29.6, 31.0, 32.1, 33.8, 35.3, 36.1, 38.6 and 40.8º. That of DCPD does so at 11.5, 20.8, 23.3, 

29.2, 30.4, 34.0, 39.6 and 41.5º. These results indicate that the bulk powder of TeCP-

DCPD mixture transform into HAp, but very small amounts of DCPD (2 = 29.2º) and 

TeCP (2 = 25.2º) are remained. Similar results were reported by Hayakawa et al. [34] 

and Otsuka et al. [35]. 

  

Fig. 2-1 XRD profiles of apatite cement before and after setting. 

MIXED: equimolar mixture of TeCP and DCPD before the setting.  

SSAC: self setting apatite cement. 
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2.3.2 ATR-IR spectroscopy 

 

Fig. 2-2 shows the temporal change of corrected ATR-IR absorption spectra of 

the TeCP-DCPD mixture kneaded with phosphoric acid. The peaks in the range of 1500-

1700 cm-1 and of 2800–3800 cm-1 are due to free water in aqueous phase. The spectra 

show characteristic peak shifts in the ranges of 2250–2400 cm-1 and 850–1050 cm-1, 

attributable to the formation of HAp. As for the latter range, it is known that the 

absorption bands of HAp-related materials are respectively assigned to as follows [36-

38]: the band at 3569 cm-1 to hydroxyl stretch; the bands at 962, 472, 976–1190 and 520–

660 cm-1 to 1 , 2, 3 and 4 vibrational modes of phosphate ions, respectively. At 5400 s 

after the kneading, the IR spectra of SSAC showed more characteristic peaks in the 

range of 850–1050 cm-1, compared to at 0 s, due to ph. The CO3 3 broad peaks could 

faintly be seen in 1400–1550 cm-1 in this figure. It is known that CO3 is contained in HAp 

products as an impurity. Such carbonated HAp is generally classified as A-type or B-type 

[39,40]. Carbonate ion is substituted with OH (Type A) or PO4 (Type B) in HAp. Type A 

Fig. 2-2 Temporal profiles of FT-ATR-IR spectra of apatite cement in the course of 

the setting. 
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carbonate gives doublet bands at about 1545 and 1450 cm-1 (asymmetric stretching 

vibration, 3) and 880 cm-1 (out-of-plane bending vibration, 2); Type B carbonate gives 

three bands at about 1455, 1410 and 875 cm-1 [41,42]. The CO3 2 peaks could be seen 

faintly at 871 cm-1 in this figure. This result suggests that B-type carbonate HAp is 

produced in the present study. 

 

 

Figs. 2-3 (A) and (B) shows the normalized ATR-IR spectra in the range of 2250–

2400 cm-1 and 850-1150 cm-1. The spectral change suggests that TeCP and DCPD in the 

raw cement have transformed into HAp by the kneading.  That is, the absorption peak 

by phosphate group shifts from 1058 cm-1 (HPO4) to 1024 cm-1 (PO4), indicating the 

crystal transition to HAp from the raw cement [43]. The peaks at 2360 and 2340 cm-1 

due to CO2 did not shift but their intensities changed in a complex manner in the course 

of the formation of HAp. This result will be discussed in later section. 

  

Fig. 2-3 The normalized ATR-IR spectra in the ranges of 850-1150 cm-1 (A) 

 and 2250-2500 cm-1 (B). 

(A) (B) 
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2.3.3 Principal component analysis 

The normalized absorbance in the range of 850–1150 and 2250–2400 cm-1 (Fig. 

2-3), which respectively correspond to CO2 and phosphate group, are analyzed by PCA. 

Total residual variance for PCA, which was based on the change of ATR-IR spectra 

during the cement setting, were 4.14 and 1.20% for PC1 and PC2, respectively. Total 

explain value was 95.86 and 98.80% for PC1 and PC2, respectively. 

It is important to control the number of principal component (PC) in 

multivariate analysis such as PCA, because unsuitable number of PC may cause unclear 

results. In order to clarify HAp formation, the effect of PC number of explain parameters 

should also be examined in detail. Ideally, simple models with minimal components, 

where the residual variance is ultimately zero, should be searched. The smaller total 

residual variance is, the more pieces of information in the variation can be explained. If 

this is not the case, it means that there are considerable noises in the data and/or that 

the data structure is too complex to be accounted for with a small number of components 

[32]. The residual variance of multivariate analysis of ATR-IR spectra has not only a 

quantitative analytical result but also qualitative chemical information about the 

products. As described in the previous section, the normalized ATR-IR spectra have 

information regarding to CO2 in the suspension and phosphate group in HAp. Number 

of PCs for PCA needs, therefore, to be at least 2 so as to explain the change of ATR-IR 

Fig. 2-4 Loading vectors PC1 and PC2 for PCA in the ranges of 850-1150 cm-1 (A) 

and 2250-2400 cm-1 (B). 

(A) (B) 
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spectra in the course of self-setting HAp formation. 

Figs. 2-4 shows the loadings of PC1 and PC2 for PCA in the ranges of 850–1150 

(A) and 2250–2500 cm-1 (B). PC1 have significant peaks in the range of 2250–2400 cm-1, 

but does not have in the range of 850–1150 cm-1. In contrast, PC2 have such peak in the 

range of 850–1150 cm-1, but does not have in the range of 2250–2400 cm-1. These results 

indicate that PC1 and PC2 are respectively correspond to CO2 and phosphate group. 

 

 

Figs. 2-5 (A) and (B), show the score profiles of PC1 and PC2 in the ATR-IR 

spectral data matrix of each SSAC sample as a function of setting time. Since the spectra 

are absorption profiles following Lambert Beer’s law, the obtained scores of PC1 and PC2 

correspond to the concentrations of CO2 and phosphate group, respectively. The score 

profiles of PC1 (A) increased initially, reached to a maximum at around 1000 s, and then 

decreased.  Although the variation of the scores is large between the samples, the 

tendencies are similar among them. In contrast, the score of PC2 (B) increased 

sigmoidally. 

Fig. 2-6 shows the relationships between the scores of PC1 and PC2 for the 

samples. Initially, the change of PC1 is more significant than that of PC2. All profiles are 

similar in shape, but the variation in their values, especially in those of PC1, are very 

Fig. 2-5. Score profiles of PC1 (A) and PC2 (B) for the ATR-IR spectral data 

matrix of each SSAC setting process. 
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large. The baseline shift in ATR-IR spectra, resulted from the differences in powder 

density, size distribution and background humidity are considered to attribute to the 

variation. 

  

Fig. 2-6 Relationship between PC1 and PC2 scores for each SSAC setting 

process.  Arrow indicates the time course of the process. 
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2.3.4 Principal component analysis with score time differentiate method 

 

 

 

 

In order to eliminate the variations among samples, the score were 

differentiated with respect to time. Figs. 2-7 (A), (B) show thus obtained differential 

scores of PC1 and PC2, respectively. The time differentiated PC1 scores increased 

initially with time, reached maxima at 180 s, and then decreased to zero at around 1000 

s.  After 2000 s, the scores become almost constant and have negative values. In 

contrast, the differentiated PC2 scores increased slowly, reached to maxima around 1000 

s in contrast with 180 s for differentiated PC1, and then decreased. 

Fig. 2-8 shows the relationship between differentiated scores of PC1 and PC2. 

It suggests that the transformation of SSAC consists of three major stages. In the first 

stage, the concentration change rate of CO2 (corresponding to PC1) rapidly increases, 

and the recrystallization relating to phosphate group vibration (corresponding to PC2) 

starts. In the second stage, the concentration change rate of CO2 decreases with time, 

but the crystallization rate still increases constantly. In the last stage, the concentration 

change rate of CO2 slightly decreases to a negative value, and the HAp crystallization 

rate significantly decreases. From these results, CO2 is considered to be not only the 

source of CO32- of carbonated HAp but also a catalyst for HAp formation. Referring to 

Fig. 2-7 Differentiated PC1 (A) and PC2 (B) score profiles for each SSAC phase 

transformation process. 
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the report by Welch et al. [44], chemical reaction between the calcium phosphates and 

CO2 is considered to be expressed as follows: 

Henry's law indicates that the partial pressure of CO2 gas is proportional to CO2 

concentration in suspension (Eqs. 2 and 3).  CO2 concentration in atmospheric air is 

constant at 381 ppmv (= 5.5 v/v%). 

 

       (2-2) 

     (2-3) 

 

The hydration constant Kh for the reaction of Eq. 3 is 1.7 × 10−3 mol/L at 25°C. 

 

 ,    (2-4) 

    mol/L   (2-5) 

 

where K*a1 means the apparent first dissociation constant of carbonate acid, taking CO2 

Fig. 2-8 Relationship between differentiated PC1 and PC2 scores for SSAC setting 

process. Horizontal and vertical bars indicate respective standard deviation (n = 4). 
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concentration into accout. 

 

 ,     (2-6) 

 mol/L    (2-7) 

 

CO2 is ionized to CO32- (Eqs. 2-3, 2-4, 2-6), the concentration of which is expressed in Eq. 

7. The reactions of Eqs. 2−4 and 2-6 are reversible. 

 Fukase et al. [45] reported that the raw TeCP-DCPD cement transformed into 

stoichiometric HAp as follows: 

 

 2Ca4(PO4)2O + 2CaHPO4･2H2O  Ca10(PO4)6 (OH)2 + 4H2O  (2-8) 

 

Otsuka et al. [46] elucidated through their study employing FT-IR spectroscopy that an 

apatite cement transformed into carbonated HAp while absorbing a small amount of 

carbonate ion; carbonate ion in the carbonated HAp could be removed by laser irradiation. 

Hsu et al. reported that the chemical formulation of B-type carbonated HAp in 

mammalian bone was [Ca10-xNax(PO4)6-x(CO3)x (OH)2] [36]. The present results indicate 

that the bulk powders of TeCP and DCPD irreversibly transformed into carbonated HAp 

in the presence of CO2, after its being mixed with a kneading solution (Eq. 2-9). 

 

 2Ca4(PO4)2O + 2CaHPO4･2H2O + xH+ + xCO32-  

  Ca10-x(PO4)6-x(CO3)x (OH)2-x + xCa2+ + xPO43- + (4+x)H2O  (2-9) 

 

From Eq. 2-9, pH of the solution is considered to increase during the transformation. Doi 

et al. reported that the pH of the suspension changed from acidic to natural when TeCP 

and DCPD dissolved in 20 mM phosphoric acid at the powder/liquid ratio of 5 mL/g [47]. 

 In the first stage of phase transition, CO2 concentration (PC1) in the suspension 

increased (see Figs. 2-5 and 2-6). Both CO2 in the solution and that on the solid surface 

contribute to the CO2 concentration measured by ATR-IR. The CO2 concentration in the 

solution is constant because the atmospheric CO2 concentration is virtually invariable 

(Eq. 2-2).  The present results suggest, therefore, the absorption/adsorption of CO2 in/on 

the transformed solid from CO2-rich super-saturated calcium phosphate solution, 

presumably, at the initial stage of transformation.  In the second stage, the super-

saturated solution formation still continued but some of them transformed to carbonated 

HAp while releasing excess CO2. This release results in the decrease of differential score 
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of PC1 (Figs. 2-7 and 2-8).  In the last stage, the reaction is approaching to the 

completion which means carbonated HAp formation, resulting in the negative 

differential score of PC1. The CO2 acts, therefore, as a catalyst or mediator for the phase 

transition in addition to the source of carbonate ion in carbonated HAp. Although the 

final composition of the solid phase is not completely clear in the present study because 

the transformation was measured for 5400 s, some CO2 molecules may be remained in 

the final product (carbonated HAp) without being converted to carbonate ion.  Welch et 

al. reported such phenomena before [44]. Eidelman et al. measured the solubility of 

various types of calcium phosphates in the presence and absence of 5.5% CO2 in the 

atmosphere. At 5.5% CO2 concentration, undiluted ultrafiltered human serum was 

substantially under saturated, slightly supersaturated and highly supersaturated with 

respect to DCPD, OCP (octacalcium phosphate), and HAp, respectively [48,49]. These 

facts support the proposed mechanism that CO2 affect the self-setting process of TeCP - 

DCPD apatite cement. 

 

2.4 Conclusion 

 

The HAp formation process from DCPD and TeCP suspension has been 

investigated by ATR-IR and chemoinformatics. The differentiated score is useful for 

understanding the complicated chemical reactions involved. The proposed approach is 

found useful for analyzing the rapid reaction such as the self-setting TeCP-DCPD apatite 

formation of the present study. The setting formation of SSAC consists of three stages, 

and CO2 plays an important role for the transformation as a catalyst. 
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3. Effect of hydroxypropyl methylcellulose and hydroxypropyl 

cellulose on carbamazepine polymorphic transformation; attenuated 

total reflectance – infrared spectroscopy and chemoinfomatic 

analysis 

 

3.1 Introduction 

It is well known that many organic pharmaceutical compounds can exist in 

several polymorphic forms [9,51-55]. Polymorphic forms of active ingredient have great 

influence on physicochemical properties of pharmaceuticals such as crystalline density, 

transparency, specific surface area, hygroscopicity, solubility and chemical stability [56]. 

Especially, the transformation of an less soluble drug to a metastable polymorphic form 

influences the bioavailability of the pharmaceutical preparation through the increase of 

the dissolution rate [57]. As well as polymorphism, the degree of crystallinity has great 

influence on the physicochemical properties of pharmaceuticals. Combination of 

polymorphism and their degree of crystallinity can, therefore, control the quality of 

medications. In the previous study [9], the stability of theophylline anhydrate tablet has 

been studied under high humidity. Dissolution characteristics of the tablet is 

significantly suppressed in the humid condition due to the formation of theophylline 

hydrate, which has much lower solubility than the anhydrate. The technology to produce 

high-quality products from drugs including unstable polymorphs is one of the most 

essential issues in the pharmaceutical industry.  

Fourier transform infrared (FT-IR) spectroscopy is one of the most versatile 

analytical methods that are used for the identification of materials and for the 

quantification of their components. FT-IR instruments can rapidly measure solid, liquid 

and gaseous materials with high sensitivity. The relationship between IR light 

absorption and the concentration of the component obeys Lambert-Beer’s law. FT-IR 

spectroscopy can give chemical and physical information of materials that reflect 

vibrations (symmetrical/anti-symmetrical stretching, scissoring, etc.), light diffusivity 

and so on [58]. However, conventional FT-IR spectroscopy generally requires sample 

dilution with KBr powder because its sensitivity is too high to measure raw materials. 

In contrast, attenuated total reflectance (ATR), a technique for analytical signal 

sampling in IR spectroscopy, enables rapid and nondestructive measurement of as low 

as few mg of solid and liquid samples either in bulky or filmy state without any dilution. 

Multivariate curve resolution (MCR) – Alternating least-squares (ALS) is a 

multivariate analysis that can be used for the analyses of reaction kinetics and of spectra 

data [59]. Himmelsbach and Holser applied MCR and 2D correlation to IR spectra in the 
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course of polymerization of glycerol and adipic acid [60]. 

In the prevent study, the molecular interaction between excipients and 

carbamazepine (CBZ) in wetted powder is investigated. An approach based on ATR-IR 

spectra and MCR is proposed as a tool of process analysis for the elucidation of the 

polymorphic transformation mechanism of CBZ.  

 

3.2 Experimental 

 

3.2.1 Materials 

Carbamazepine anhydrate (CBZAH), hydroxypropyl cellulose (HPC) in SSL 

grade, and hydroxypropyl methylcellulose (HPMC) in CH-5-R grade were purchased 

from Wako Pure Chemical Industries, Nippon Soda and Shin-Etsu Chemical Industry 

Co., Japan, respectively. Aqueous solutions of 0.005 w/v% HPC and HPMC were 

prepared by respectively dissolving them in Milli-Q water. 

 

3.2.2 Polymorphic transformation of CBZ 

3.0 mg of CBZAH was kneaded with 35.0 μL of 0.005 w/v HPC or HPMC solution. 

The paste was put on a germanium glass of the ATR accessory and was covered with a 

sheet of Parafilm® at 20 ± 2 °C. 

 

3.2.3 Powder X-ray diffraction analysis 

Loosely packed sample was prepared in order to avoid crystal orientation when 

it was poured in the holder of the instrument without compression. The crystal phases 

in the specimens thus prepared were analyzed with a powder X-ray diffraction (XRD) 

system (Miniflex Rigaku Co. Ltd., Tokyo, Japan) at room temperature. Measurement 

conditions were as follows: Ni-filtered CuKα radiation (λ = 0.1540 nm); voltage, 30 kV; 

current, 15 mA; time constant, 1 s; step slit, 0.2°; counting time, 1.0 s; measurement 

range, 2 = 5.0° ~ 45.0°. 

 

3.2.4 ATR-IR spectroscopy 

ATR-IR spectra were measured with an FTIR spectrometer (FTIR-6200, Jasco, 

Japan) equipped with a horizontal ATR plate (ATR PRO 610P-S, Jasco, Japan) with 

Germanium crystals. IR spectra of CBZAH paste suspended in the solutions were 

measured in the range of 2000-1000 cm-1 at a resolution of 8 cm-1 and acquired as digital 

data in a computer for further kinetic analysis. The spectrum for each sample was 

obtained through the averaging of the results of 74 scans, where the contribution from 
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the air was corrected as a background. 

 

3.2.5 Generalized two-dimensional (2D) correlation spectroscopic analysis 

Two-dimensional (2D) correlation spectroscopy, which was proposed by Noda et 

al. [61,62] has been applied to complicated spectral intensity variations of IR [63], Raman 

[64] and other optical signals having different waveforms.  Advantages of the 2D 

analysis can be summarized as follows: (i) examination of spectra regardless of their 

phase; (ii) identification of various inter- and intramolecular interactions through 

selective correlation of bands; (iii) band assignments based on the correlations between 

various band positions.  

An IR spectral intensity variation A(, T) observed in a compression pressure 

range of Tmin - Tmax, the synchronous and anti-synchronous 2D IR correlation 

intensities,(1,  2), in the compression pressure range, is expressed by Eq. 3-1 
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where Y1) is the compression pressure-domain Fourier transform of A(, T), and 

Y2*) is the conjugate of the Fourier transform of A( T). Prior to the calculation of 2D 

correlation spectra, IR spectra were baseline-corrected. The equation for the baseline 

offset correction is as follows: 

 

   )min()( Xxxf  ,    (3-2) 

 

where )(xf  and )min( X  are absorbance at x  cm-1 and minimum absorbance value 

of each spectra, respectively. 

The 2D correlation spectra were obtained using a free software named 2D-shige 

(Ver 1.1) for Windows (developed by Morita, Kuwansei Gakuin University).  

 

 

3.2.6 Software 

The chemoinfomatics computations are performed by UNSCRAMBLER 

software version 10.2 64 bit (Camo Software AS, Oslo, Norway). 
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3.2.7 Multivariate curve resolution – Alternating least-squares analysis 

The algorithm for MCR was reported in detail before [65-69]. MCR can 

decompose spectra of mixtures into the n pure contributions of respective components 

involved in the spectra. The baseline corrected IR spectra were arranged in a data matrix 

D (r × c) with the spectral data in r rows and in c columns that are the absorbance at 

each wavelength. 

The MCR decomposition of matrix D is carried out according to the following 

equation:  

 

D(𝑟,𝑐) = C(𝑟,𝑛)𝑆(𝑛,𝑐)
𝑇 + E(𝑟,𝑐)   (3-3). 

 

The matrix C(r × n) is called concentration profiles, which describes the individual 

contributions of the n species involved in the given spectra. The matrix S(n × c)T is the 

spectral contribution of these n species in the c columns of the data matrix (pure spectra 

profiles). E(r × c) is the residual matrix containing the data variance that cannot be 

explained by the product CST. One important and frequently used iterative approach to 

solve Eq. 3-3 is MCR - alternating least squares (MCR-ALS). The optimization process 

starts from the initial setting of C and ST，which is then refined so as to yield profiles 

with chemical meaning. Critical aspects in the application of MCR-ALS are the 

determination of the number of factors or components that cause variability in the data 

set and the rotational ambiguity of the sample. 

In the case of pure components having spectral responses, a common constraint 

is that only positive values are allowable for ST and C. For a reaction where a reactant 

changes stoichiometrically to a product, the so-called equality constant can be applied 

under the restriction of mass balance, if chemical information about the spectra or 

concentration is available [70].  
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3.3 Results and Discussion 

 

3.3.1 Characterization of CBZ hydration process by ATR-IR spectroscopy 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3-1 Temporal profiles of ATR-IR spectra of CBZ powder kneaded with water 

(A), HPC (B) or HPMC (C) solutions. 
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Figs. 3-1 (A),(B) and (C) respectively show the changes of IR absorption spectra 

with time, where CBZ anhydrate (CBZAH) powder were kneaded with water (A) and 

aqueous solutions of HPC (B) and HPMC (C), respectively. These results indicate that 

CBZAH is transformed to CBZ dihydrate (CBZDH) by its being kneaded with the liquids. 

The peaks in IR spectrum of CBZ was reported as follows [71]: the peaks corresponding 

to symmetric stretching (s C=C in the dibenzazepine ring at 1488 cm-1; the peaks 

corresponding to the s C=O for associated and non-associated amide I at 1650 and 1690 

cm-1, where the peaks have red shift after the hydration [58]; the peaks assigned to the 

bending () of NH2 for associated and non-associated amide I at 1635 and 1605 cm-1; the 

peak is assigned to the  of OH for crystalline water at 1410 cm-1. 

 

3.3.2 Characterization of CBZ hydration process by PXRD 

 

 

Fig. 3-2 shows the powder X-ray diffractogram (PXRD) of CBZAH and that of 

CBZAH after its being kneaded with water for 1 day.  The PXRD of CBZAH have 

distinct peaks at 12.8, 15.1, 15.6, 16.9, 18.5, 19.3, 20.3, 21.9, 23.1, 23.6, 24.7, 26.4, 27.3 

and 31.8 º. The PXRD of the product after one day kneading had distinct peaks at 6.1, 

8.9, 12.2, 15.2, 18.4, 19.1, 19.4, 20.4, 24.1, 25.6, 28.5, 28.6 and 29.1 º.  The standard 

samples of CBZAH and CBZDH obtained according to the reference [72]. They 

respectively had the same PXRD profiles as those shown in Fig. 3-2. Suryanarayanan 

reported that the PXRD peaks at 12.8 and 8.9 º are evidences for CBZAH and CBZDH, 

respectively, and the peaks intensity ratio could determine the quantity ratio of CBZAH 

Fig. 3-2 PXRD pattern of CBZ AH and DH 
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and CBZDH [72]. These PXRD results indicate that CBZAH transformed into CBZDH 

in the presence of water. 

CBZAH were also kneaded with an aqueous solutions of HPC and HPMC for 1 

day. The samples after the kneading were measured by PXRD. Both PXRD profiles 

obtained were identified as the profile of CBZDH. This result suggests that CBZAH 

transformed into CBZDH also in the presences of the polymer solutions. Harris et al. 

studied the structures of CBZAH and CBZDH [73]. The distance between the hydrogen 

bonded oxygen and nitrogen atoms varies over a range of 0.047 angstrom during the 

polymorphic transformation. 

These results indicate that carboxyamide is the key group for the 

transformation from CBZAH into CBZDH. The polymorphic transformation is induced 

by the hydrogen bonding between the carboxyamide group and water in crystalline phase. 
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3.3.3 Effect of polymer solution on 2D correlation analysis  

Fig. 3-3 shows partial 2D correlation mappings calculated from the time-

dependent IR absorption behaviors of CBZ shown in Fig. 3-1.  Note that present partial 

2D correlation analysis was carried out along the phase transformation time. As 

expected from the spectra of the CBZAH powder kneaded with water (Fig. 3-1 (a)), the 

emergence of a cross-peak at 1410 cm−1 and 1680 cm-1 were found in Fig. 3-3-(a), 

suggesting that changes in the OH  and the C=O  bands occur in the same directions. 

The partial synchronous 2D correlation mappings for CBZAH-HPC and CBZAH-HPMC 

systems (Figs. 3-3-(c) and -(e)) also show the apparent strong peaks at 1410 cm-1 and 

1680 cm-1 corresponding to the OH  and the C=O [74].  The 2D correlation spectra 

CBZ in the water and the HPC solution have the highest peak at 1410 cm-1 due to the 

OH, and the patterns are almost similar between them. The peak at 1410 cm-1 

increased with the increase of that at 1680 cm-1. In contrast, the 2D spectrum for CBZ 

in the HPMC solution (Fig. 3-3-(e)) has the highest peak at 1680 cm−1 due to the C=O , 

and the pattern is slightly different from those for the CBZ-water and CBZ-HPC systems. 

Although the partial synchronous spectrum does not seem to provide direct 

information for understanding chemical interaction between CBZ and water, the 2D 

mapping can give valuable information about the hydration process through the 

combination with the corresponding anti-synchronous spectrum. The appearance of the 

anti-synchronous correlation peaks, in turn, indicates that there are two distinct 

populations, each having different band and unique molecular interaction between the 

functional groups of CBZ and water. It is noted that the partial anti-synchronous 

correlation spectra of CBZ hydration (Figs. 3-3-(b), (d) and (f)) show cross-peaks between 

1400 and 1900 cm-1. The discussion on the elucidation of cross-peaks in this region is 

especially important to clarify hydration mechanism. For example, if spectral intensities 

in this region simultaneously increase without any sequential or successive changes, 

only a synchronous correlation peak with no anti-synchronous correlation can be 

expected. The major positive cross peaks (Fig. 3-3 (b)) during the phase transformation 

of CBZAH in the presence of water were observed at 1490/1410, 1540/1410, 1550/1410, 

1646/1410 and 1680/1410 cm-1. The peak at 1410 cm-1 was due to hydrogen-bonded water. 

These results suggest that the transformation is triggered by the hydrogen bond 

formation of CBZ with water. 

In contrast, the major cross peaks in the partial anti-synchronous spectrum of 

CBZ in the presence of HPMC (Fig. 3-3 (f)) were observed at 1409/1680, 1457/1680, 

1595/1680, 1740/1680 and 1775/1680 cm-1. The cross peaks associated with the C=O  at 

1680 cm-1 are more significant than the peaks associated with the OH  at 1410 cm-1. 
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This result suggests that the hydration is inhibited by HPMC absorbed on the surface of 

CBZ. 

In the partial anti-synchronous spectrum of CBZ in the presence of HPC (Fig. 

3-3 (d), the pattern of the major cross peaks was between those of CBZ-water and CBZ-

HPMC systems. That is, the inhibitory effect on CBZ hydration by HPC was less 

significant than HPMC. Total residual variance for MCR-ALS, which was based on the 

change of ATR-IR spectra, were 9.75 × 10-6 and 2.06 × 10-6 for Source1 and Source2, 

respectively. 

 

 

 

3.3.4 Effect of polymer on hydration of CBZ; MCR-ALS analysis  

IR spectra shown in Figs. 3-1 (A) - (C) were analyzed by MCR-ALS in order to 

evaluate the effect of polymer on hydration process. In the MCR-ALS computation, 

polymer amount in the solution is ignored because its concentration is sufficiently low 

enough to be ignored. 

Source of the MCR-ALS and IR spectra of bulk CBZDH and AH are shown in 

Fig. 3-4. The Source 1 (S1) has significant peaks at 1128, 1154, 1248, 1314, 1340, 1386, 

1464, 1488, 1604, 1673, 1700 and 1716 cm-1. IR spectrum of bulk CBZDH has peaks at 

the same wavenumbers. In contrast, Source 2 (S2) has significant peaks at 1083, 1118, 

1158, 1256, 1316, 1340, 1412, 1456, 1592, 1608, 1648, 1684, 1696 and 1718 cm-1, all of 

which are contributed from CBZAH and water. 

 

Fig. 3-4 Source and IR spectra of bulk materials. 
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3.3.5 Kinetic studies of effect of polymer on hydration of CBZ; MCR-ALS analysis  

Since IR spectra obey Lambert-Beer’s law, the analytical results shown in Fig. 

3-4 can be analyzed quantitatively. As mentioned, the source of the S1 aligns closely to 

the pure spectrum of CBZDH and, likewise, the source of S2 does so to CBZAH and water. 

Since each source factor can be assigned to a specific chemical component, it is possible 

to reveal changes of the components in carboxyl amide group of CBZ. Therefore, the 

concentration of CBZDH,CCBZDH, is obtained by Eq. 3-4. 

 

[𝐶𝐶𝐵𝑍𝐷𝐻] =
𝐶𝑡

𝑆1−𝐶0
𝑆1

𝐶5440
𝑊𝑎𝑡𝑒𝑟 𝑆1−𝐶0

𝑆1       (3-4) 

 

Where 𝐶𝑡
𝑆1 , 𝐶0

𝑆1and 𝐶5440
𝑊𝑎𝑡𝑒𝑟 𝑆1 are concentrations of Source 1 at the time of t, 0 and 5440 

s, respectively, for the system of CBZAH and water. 

 

 

Fig. 3-5 shows the effects of the polymers on the profile of CBZDH concentration. 

In the CBZAH suspension in pure water, almost 100% of CBZAH was transformed into 

CBZDH at 5400 s.  In contrast, in the suspensions in HPC and HPMC solutions, only 

47.1% and 29.1% CBZAH, respectively, transformed into CBZDH at 5440 s. These results 

suggest that both polymer inhibit the polymorphic transformation. 

Young and Suryanarayanan reported that CBZAH transformed into CBZDH in 

aqueous suspension in a first-order process [75]. In the present study, the polymorphic 

Fig. 3-5 Temporal profiles of CBZDH concentrations. 
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Table. 3-1 One-way analysis of variance of kCBZDH of the prepared samples. 

transformation to CBZDH seems also to be followed by a first-order kinetics, where the 

transformation rate constant (kCBZDH) is calculated from the least squares fitting curb as 

expressed by Eq. 3-5. 

 

𝜕 −ln(1−[𝐶𝐶𝐵𝑍𝐷𝐻])

𝜕𝑡
= 𝑘CBZDH (0 % < [CCBZDH ] < 95%)          (3-5) 

 

Where C S1, [CCBZDH ], t and kCBZDH are the Concentration of S1 of MCR-ALS for IR 

spectra, corrected concentration (%) of CBZDH, time in seconds, and CBZDH 

concentration increase rate constant, respectively. 

  

Fig. 3-6 shows the effects of polymers on kCBZDH. The kCBZDH in the water suspension 

(WATER) have the highest value and that in the HPMC suspension did so the lowest. 

The results of one-way analysis of variance of kCBZDH are summarized in Table 3-1. 

 

 

   

 

 

 

 

Fig. 3-6 Effects of polymers on kCBZDH. 
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Polymorphic transformation reaction from anhydrate into hydrate is reported to have 

three phases, as shown Fig. 3-7 [76].  

 

where k, k1, k2 and k3 are apparent polymorphic transformation rate constant, 

dissolution rate constant, the nucleation rate constant and crystal growth rate constant, 

respectively. The symbol k is the overall transformation rate constant. It is known that 

the nucleation is generally rate-determining step. However, the profiles shown in Fig. 3-

5 have no induction period. This fact indicates that the crystal growth step is the rate-

determining step and that HPC and HPMC affect k3. 

  

Fig. 3-7 Kinetics and elementary reaction of polymorphic transformation. 
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3.4 Conclusion 

CBZ polymorphic transformation in HPC and HPMC suspensions has been 

investigated by ATR-IR spectroscopy and chemoinfomatics (MCR-ALS). The combination 

of the two methodologies has been found useful for the elucidation of rapid polymorphic 

transformation in suspension. The polymorphic transformation rate is delayed by HPC 

and HPMC, supposedly through the decrease in the surface potential by the adsorbed 

polymer and that in diffusion coefficient due to the polymer in the solution. 

  



35 

 

 

4. Dry mechanochemical synthesis of caffeine / oxalic acid 

cocrystals and their evaluation by powder X-ray diffraction and 

chemometrics 

 

4.1 Introduction 

Solubility and dissolution rate of active pharmaceutical ingredient (API) are 

important factors for the development of pharmaceutical preparation [77-79]. In order to 

improve solubility characteristics, various basic approaches, such as cocrystallization, 

salt formation, complexation, encapsulation and so on, have been studied [80-83]. 

Vishweshwar et al. and Bathchelor et al. described that cocrystallization would gain a 

broader foothold in drug formulation [84,85]. Cocrystallization has attracted a lot of 

interest because of its potential for improving the physicochemical properties of drugs 

[86,87]. In general, pharmaceutical cocrystal consists of an active pharmaceutical 

ingredient (API) and coformer. There are many reports regarding the effect of 

cocrystallization on the physicochemical and pharmaceutical properties of API [88-91]. 

Moradiya et al. reported that carbamazepine (CBZ) dissolution rate was improved 

through its cocrystal formation with saccharin (SAC) [92]. Nehm et al. developed a 

mathematical model that describes the solubility of CBZ/nicotinamide cocrystal [93]. 

However they did not examined mechanochemical synthesis condition in detail. 

A lot of cocrystallization methods, such as cocrystallization in supercritical fluid, 

slurry solution method, ultrasound-assisted crystallization and organic solvent 

evaporation method, have been studied for pharmaceutical preparation [94]. In 

cocrystallization process, the use of hazardous organic solvent is not desirable. 

Mechanochemical synthesis is a promising method because it does not need such organic 

solvent. The method is based on powder processing technique that involves deformation, 

fracturing and cold welding of particles in the course of repeating collisions under high 

energy milling [95].  Trask et al. applied the method to the preparation of caffeine (CA) 

/ oxalic acid (OX) cocrystal [96]. The cocrystal was obtained within one hour from the 

mixture of CA anhydride and OX dihydrate at the molar ratio of 2:1. 

Real time monitoring of cocrystallization in a non-contact and non-destruction 

mode is highly important for the manufacturing processes of pharmaceuticals. 

Conventionally, differential scanning calorimetry (DSC) [97] has been employed for the 

evaluation of the cocrystal formation. DSC is, however, a destructive method and needs 

a lot of time. In contrast, infrared (IR) and Raman spectroscopies are non-destructive 
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methods that can evaluate samples rather rapidly [98]. These method are, however, 

unable to analyze crystal structure, although they can identify functional groups in the 

crystals. In other hands, powder X-ray diffraction (PXRD) analysis is a powerful tool for 

the determination of the structure of crystals including cocrystals in a non-destructive 

fashion [99].  

The Multivariate curve resolution - alternating least squares (MCR-ALS), one 

of chemometrics methods, can adopt various kinds of spectra data (e.g., near IR, mid IR 

and ultraviolet-visible spectra) with overwrapped peaks. Maji et al. reported a 

quantitative analysis of strikarshika formulations by ultraviolet - visible spectroscopy 

coupled with MCR-ALS [100]. They decompose the spectra of microgynon and neogynona 

mixture samples into n pure contributions of respective components. 

In a previous study, the author reported a predictive quantitative determination 

for contents of powders in multicomponent pharmaceutical formulations from complex 

PXRD profile [101]. The author studied polymorphic transformation kinetics of CBZ 

anhydrate by attenuated total reflection - infrared (ATR-IR) spectroscopy and MCR-ALS 

[102]; MCR-ALS was also proved to be useful to evaluate kinetics of crystalline 

transformation of pharmaceuticals. 

In the present study, the author has further applied the combination of 

experimental and chemometrics approaches to elucidate the dry-mechanochemical 

conditions in detail. CA/OX system was selected for the present investigation. The effect 

of temperature, rotation speeds and grinding time of dry-mechanochemical synthesis on 

CA/OX cocrystal formation was elucidated by PXRD analysis and MCR-ALS. 
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4.2. Experimental  

 

4.2.1 Materials 

Caffeine anhydrate and oxalic acid dihydrate were purchased from Shizuoka 

Caffeine Co. Ltd. (Japan) and Wako Pure Chemical Industries Ltd. (Japan), respectively. 

They were stored at 298 K (25 ºC) under 30% relative humidity. 

 

4.2.2 Methods 

4.2.2.1 Sample preparation 

The CA/OX 2:1 cocrystal samples were prepared by evaporate dry-

mechanochemical or recrystallization synthesis. An automortal staler (MMPS-T1, AS 

ONE Co., Japan) was used for the former method, where the CA and OX were mixed at 

the molar ratio of 2:1 and grinded at 253 - 333 K for 0 - 180 min under the rotation speed 

of 400, 800 and 1200 rpm. The solvent used for the latter method was methanol - 

chloroform (1:1(v/v))[96].  

 

 

4.2.2.2 Attenuated total reflection - Infrared spectroscopy 

IR spectra of samples were measured with a Fourier transform (FT) -IR 

spectrometer (FT/IR-6200, JASCO Co., Japan) equipped with an attenuated total 

reflection (ATR) accessory. The ATR attachment was inserted directly in the light beam. 

The prepared sample powder was put on a germanium glass of the ATR accessory at 

room temperature. ATR-IR spectra of the suspensions were measured in the range of 

2000 - 1000 cm-1 at a resolution of 2 cm-1. The spectra obtained were averaged and 

corrected for air background. 

 

4.2.2.3 Thermal Analysis 

DSC was performed with a DSC-8230 calorimeter (Rigaku Co. Ltd., Japan). The 

operating conditions in a open-pan system were as follows: 5.0 mg in sample weight, 10 

K/min in heating rate, 310 - 610 K in heating range. 

 

4.2.2.4 Powder X-ray Diffraction analysis  

The prepared samples were analyzed with a PXRD diffractometer (Miniflex, 

Rigaku Co. Ltd., Japan) at room temperature. Measurement conditions were as follows : 

Ni-

constant, 1 s; step slit, 0.2°; counting time, 1.0s; measurement range, 2θ = 5.0 - 30.0°. 
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The loosely packed powder was prepared by pouring the powder into the holder without 

high compression in order to avoid crystal orientation. 

 

4.2.2.5 MCR-ALS method 

The measured PXRD patterns were analyzed by MCR-ALS method for 

quantification. The residual can be eliminated from diffractogram data set for two 

component into account. MCR-ALS algorithm details have been reported elsewhere [103-

107]. 

 

4.2.2.6 Software 

The chemoinfomatics applications were performed by means of The Unscrambler® X 

version 10.3 (64 bit) from CAMO Software (Computer Aided Modelling, Trondheim, 

Norway). 
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4.3 Result and discussion 

4.3.1 ATR-IR spectroscopy 

 

 

Figure 4-1 shows ATR-IR spectra of the cocrystals synthesized by the 

evaporation method (Eva) and by the mechanochemical method (Grind), and those of CA 

and OX dihydrate crystals. The spectrum of CA has characteristic peaks at 1694, 1654, 

1592, 1546, 1482, 1452, 1428, 1358, 1282, 1234 and 1018 cm-1. That of OX dihydrate has 

at 1672, 1240 and 1126 cm-1. On the other hand, Eva has the absorption peaks at 1732, 

1698, 1658, 1544, 1500, 1446, 1352, 1320, 1286, 1232, 1208, 1172 and 1024 cm-1. Grind 

has similar peaks to those of Eva, but no peak is observed at 1732 cm-1. The peak at 1732 

cm-1 is due to ring of imidazole. The new IR peaks from cocrystallization appear at 1500, 

1232, 1208 and 1172 cm-1, which are respectively due to C=N, C-O-H, C-O and ring + CH3 

[108]. Some studies have been carried out on IR spectra changes caused by 

cocrystallization [109-111]. In general, cocrystal formation of API and coformer is caused 

by the hydrogen bonding between them. Limwikrant et al. reported that the 

cocrystallization of CBZ and malonic acid induced the shift of IR peak for C=O stretching 

through hydrogen bonding [112]. Basavoju et al. showed the change of IR spectrum for 

Fig. 4-1 ATR-IR spectra of the CA/OX cocrystals. The CA/OX cocrystal obtained 

by evaporation (Eva), physical mixing of CA and OX (Grind). ATR-IR spectra of 

CA and OX dihydrate bulk powders are shown. 
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indomethacin/SAC cocrystal [113]. Gagniere et al. confirmed of solution-mediated phase 

transition of CBZ/nicotinamide cocrystal by means of ATR-IR spectroscopy [114]. 

Srinivasan et al. reported supra-molecular architecture constructed through the 

combination of strong and weak hydrogen bonds [115]. These ATR-IR spectroscopic 

results suggest that CA and OX effects on each other through the hydrogen bonding 

between them, resulting in IR spectra obtained in the present study. However, it is 

difficult to determine cocrystal concentration based on the ATR-IR peak shifts and their 

peak intensities. The author determine, therefore, cocrystal concentration based on 

PXRD analysis with MCR-ALS method. 

 

4.3.2 DSC analysis 

 

 

Figure 2 shows DSC curves of evaporated and grinded cocrystals (1200 rpm and 

400 rpm) and of bulk powders of CA and OX. DSC curve of Eva (red curve) has the 

endothermic peaks at 487.7 and 510.8 K and exothermic peak at 493.3 K. The curve of 

cocrystal sample grinded at 1200 rpm (dark blue curve) has endothermic peaks at 350.9, 

Fig. 4-2 DSC curves obtained for Eva and Grind. The grinding was carried out at 

400 and 1200 rpm for 60 min at 310 K with 10 K/min. The DSC curves of CA and 

OX are also shown.  
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487.9, and 511.1 K and exothermic peak at 494.1 K. The curve of the cocrystal grinded 

at 400 rpm (yellow curve) has the endothermic peaks at 359.6, 487.9, and 511.4 K and 

exothermic peak at 491.4 K. In general, cocrystal products have exothermic peaks. These 

exothermic peaks are just the evidence for cocrystallization of CA and OX. The peaks at 

431.2 and 510.8 K of CA bulk powder were respectively assigned to glass transition point 

and melting point, although the former peak seems not so clear.  

Generally, dehydration peaks of hydrated appeared around at 373 K. The DSC 

results mentioned above suggest that the peaks at 350.9 and 359.6 K for 1200 and 400 

rpm samples can be assigned to the dehydration point from unreacted OX dihydrate. 

On the other hand, DSC curve of Eva has no peak in the range of 340-370 K. It was 

pointed out that CA/OX cocrystal is stable at high humidity and the crystal has no room 

to hold water molecular [96]. This result suggests that Eva has no bonding water, 

whereas grinded cocrystal samples contained OX dihydrate. Basavoju et al. observed in 

their study on DSC of indometachin/SAC that the melting point shifted during the 

cocrystallization [113]. Thermal behavior of indomethacin/SAC cocrystal was more 

distinct than that of each individual component. The DSC curve depends on the 

physicochemical properties of the samples. The present DSC result suggests that the 

change of physicochemical potential of cocrystal affects pharmaceutical properties. 

 

4.3.3 PXRD analysis 

Figure 3 shows the PXRD profiles for CA/OX cocrystal formation. Figure 3 (A) 

exhibits PXRD pattern of Eva, physically mixed powders of  CA and OX dihydrate with 

no grind (denoted as “0 min” in Fig.3 (A)), CA anhydrate and OX dihydrate powders. 

Clear diffraction peaks of Eva are observed at 8.2, 12.0, 12.6, 16.4, 17.8, 18.8, 22.4, 24.6, 

27.2, 28.4 and 28.8 degrees. Diffraction peaks of CA are at 11.8, 24.0, 26.2, 27.0 and 28.2 

degrees; those of OX dihydrate are at 14.8, 18.8, 25.8 and 29.0 degrees. These results 

agreed well with those reported in the literatures [96,116,117]. The diffraction peaks of 

Eva at 8.2, 16.4, 17.8, 22.6, 24.4 and 27.2 degrees are reported to be due to CA/OX 

cocrystal structure [96]. Figure 3 (B) shows the effect of rotation speed of the auto mortar 

stirrer (1200, 800 and 400 rpm) on the diffractograms of the 2:1 CA/OX mixture samples 

grinded for 60 min. The characteristic peaks similar to those of Eva were observed after 

60 min diffractogram. The peak at 11.8 degree is due to the (0, 1, 1) face of the cocrystal 

surface [96]. Figure 3 (C) shows the effect of grinding temperature (333, 310, 277, 253 K) 

on the PXRD profiles of the CA/OX mixture at the rotation speed of 1200 rpm and at the 

grinding time of 60 min. The diffractograms obtained are similar to that of Eva.  
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4.3.4 MCR-ALS analysis 

4.3.4.1 Source of MCR-ALS analysis 

 

 

 

Figure 4 shows the sources of MCR-ALS for the all PXRD profiles at two 

components. Produced cocrystal content of the grinded samples can be determined from 

results in this figure. The profiles of Source 1 (S1) and Source 2 (S2) have specific PXRD 

peaks due to CA/OX cocrystal and physical mixture of original compounds, respectively. 

Calvo et al. [118] evaluated cimetidine polymorphism from the R2 value between source 

profile and IR spectrum. In order to compare of the similarity between each source profile 

and PXRD profile, R2 values of respective profiles were calculated for peak intensities at 

Fig. 4-4 Sources of MCR-ALS analysis based on the PXRD data set of the 

grinded produced samples. 

Fig. 4-3 (a) PXRD profiles of Eva, 0 min, CA, and OX, where “0 min” means the 

mixture of CA and OX before the grinding. (b) Effect of grinding rotation speed on 

PXRD profile of CA and OX mixture at the temperature of 310 K. (c) Effect of 

grinding temperature on PXRD profile of CA and OX mixture at the rotation speed 

of 1200 rpm. 
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the diffraction angles of interest. Calculated R2 values of S1 against PXRD profiles of the 

unreacted mixture of CA and OX mixture (0 min) and Eva were 0.501 and 0.109, 

respectively. On the other hand, the values of S2 against PXRD profile for the respective 

samples were 0.256 and 0.987. S1 and S2 of the ST (n×c) can, therefore, be assigned to the 

contents of unreacted CA and OX dihydrate mixture and the CA/OX cocrystal with C (r×n), 

respectively. The R2 value of S1 is, however, less than 0.7, meaning that the S1 is not 

completely the same profile as the PXRD profile of Eva. The result suggests that there 

are some differences in polymorphism or crystallinity between grinded cocrystal and 

organic evaporated cocrystal. 

 

4.3.4.2 Effect of grinding time on the mechanochemical synthesis of cocrystal samples 

 

  

 

Figure 5 shows the effect of grinding time on the contents of cocrystal and 

unreacted mixture of CA and OX mixture. Before the grinding, CA/OX crystal content is 

4 ± 3%. This result suggests that CA/OX cocrystal formation is not a spontaneous process 

and needs high activation energy. After the grinding at 1200 rpm for 10 and 30 min, the 

CA/OX cocrystal contents reached to 73 and 72 %, respectively. The effect of further 

grinding seems not so clear. Vangala et al. reported that the amorphous content of 

Fig. 4-5 The effect of grinding time on the contents of cocrystal and unreacted 

mixture at 1200 rpm and 310 K. 
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CA/glutaric acid (1:1) cocrystal steeply increased to 65% within 15 min by a 

thermodynamic stability measurement [33]. Chieng et al. investigated on the kinetics 

CBZ/nicotinamide cocrystal formation in mechanochemical synthesis by a principal 

component analysis [119]. This result suggested final content of cocrystal is limited by 

the chemical equilibrium and after the equilibrium is reached, further grinding is not 

effective to increase the crystal content. 

 

4.3.4.3 Effect of grinding temperature and rotation speed on the mechanochemical 

synthesis of cocrystal samples 

 

 

Figure 6  (A and B) show the effect of rotation speed at 310 K (A) and 

temperature at 1200 rpm (B) on the CA/OX cocrystal content produced by the 

mechanochemical synthesis. The time for the grind were kept at 1 hour for each sample. 

The contents were estimated by the MCR-ALS method. The contents at 400, 800 and 

1200 rpm were 61 ± 1, 73 ± 1 and 78 ± 1%, respectively (Fig. 7 A). The contents at 253, 

277, 310 and 333 K were 84 ± 7, 89 ± 4, 78 ± 1 and 92.1 ± 0.3%, respectively (Fig. 7 B). 

The effect of temperature was, however, not so significant within the range examined. 

The result suggests that the temperature is not critical factor to produce CA/OX cocrystal. 

There are some reports describing the effect of milling energy on the 

Fig. 4-6 The effect of grinding rotation speed (a) and temperature (b) on the 

produced cocrystal contents in the ground samples. 
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mechanochemical synthesis of the preparation of solid. Adzila et al. reported that 

rotation speed affect crystalline size and crystallinity of hydroxyapatite produced by a 

wet mechanochemical synthesis [120]. Fathi et al. reported the effect of rotation speed 

on the formation fluoridated hydroxyapatite nanoparticles [121]. Andrew et al. studied 

on the structures of five kinds of caffeine cocrystals with monocarboxylic acid, including 

formic, acetic and trifluoroacetic acids by PXRD [122]. In their study, different PXRD 

peaks appeared on the bulk CA profile. Chung et al. [123] investigated the effect of 

polymeric additives on the cocrystallization of caffeine by PXRD, IR spectroscopy, 

scanning electron microscopy and DSC. The poly(ethylene glycol) added disturbed the 

growth of cocrystals and decreased crystal size. They also discussed the dependence of 

characteristics of the powder samples on milling energy. 

The 400 rpm rotated sample has more unreacted CA and OX dihydrate than the 

1200 rpm rotated sample. DSC data (Fig. 2) of unreacted oxalic acid dehydrate, negative 

peak area in the range from 340 to 370 K due to water evaporation agreed well with 

unreacted OX dihydrate content obtained by MCR-ALS results. This agreement suggests 

that the combination of PXRD analysis and MCR-ALS approach is able to quantify the 

content of unreacted OX dehydrate. The method can decompose PXRD patterns into 

unreacted CA and OX mixed powders and CA/OX cocrystal. This combination would be 

applied widely to the developments of various cocrystallization development of drug 

seeds.  
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4.4 Conclusion 

The effects of temperature, rotation speed and grinding time on dry-

mechanochemical synthesis of CA/OX cocrystal have been studied based on PXRD 

patterns and MCR-ALS. The crystallinity of the produced cocrystal is different from that 

obtained by conventional evaporation method. The sources obtained by MCR-ALS are 

assigned to the produced cocrystal and the physical mixture of CA and OX dihydrate 

bulk powders.  

Dry-mechanochemical cocrystal synthesis gives the chemical equilibrium at 

around 10 minutes after the grinding. The rotation speed is much more important than 

the temperature for the production of the cocrystal. Cocrystal contents are linearly 

increased with the speed. As far as we have surveyed, this is the first report on the PXRD 

analysis coupled with MCR-ALS for dry-mechanochemical cocrystal synthesis. 
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