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Abstract 

Project Code:  DBG4880003 
Project Title: Solid State Characterization and Interconversion of Norfloxacin 

Hydrates 
Investigator:  Narueporn Sutanthavibul, Ph.D. 
  Faculty of Pharmaceutical Sciences, Chulalongkorn University 
  Professor Stephen R. Byrn, Ph.D. 
 Department of Industrial and Physical Pharmacy, Purdue University 
  Wanchai Chongcharoen 
  Faculty of Pharmaceutical Sciences, Chulalongkorn University 
E-mail Address: narueporn.s@chula.ac.th 
Project Period: 2 years 

Four stoichiometric norfloxacin (NF) hydrates (dihydrate, hemipentahydrate, 
trihydrate, pentahydrate) and one disordered NF state, were generated by various methods 
and characterized. X-ray powder diffraction (XRPD) patterns of all NF hydrates exhibited 
crystalline structures. NF hydrates transformed to anhydrous NF Form A after gentle 
heating at 60 °C for 48 hours except dihydrate and trihydrate where mixture in XRPD 
patterns between anhydrous NF Form A and former structures existed. Desiccation of NF 
hydrates at 0% RH for 7 days resulted in only partial removal of water molecules from the 
hydrated structures. The hydrated transitional phase and the disordered NF state were 
obtained from the incomplete dehydration of NF hydrates after thermal treatment and 
desiccation of pentahydrate NF, respectively. Anhydrous NF Form A and NF hydrates 
transformed to pentahydrate NF when exposed to high moisture environment except 
dihydrate. In conclusion, moisture levels, temperatures and duration of exposure influenced 
the interconversion pathways and stoichiometry of anhydrous NF and its hydrates.  

NF hydrates did not show significant particle size reduction after dehydration due to 
the very compact structures and by high Kchan value obtained for dihydrate NF. Thus, NF 
hydrates were physically very stable and less likely to collapse after dehydration. 
Dehydration energy of lower stoichiometric hydrate (hemipentahydrate NF) was lower than 
higher hydrates (trihydrate NF and pentahydrate NF) due to the number, position and 
strength of hydrogen bonding between crystalline water and NF moiety in crystal lattice 
structure. The total dehydration energy for every NF hydrates were very high and found to 
be independent of temperature used. 
Keywords:  norfloxacin hydrate, crystal structure, interconversion, dehydration energy 
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บทที่ 1 

INTRODUCTION 

 
Pharmaceutical manufacturing process plays an important role for new drug 

formulation development. One of the most significant processes in the pharmaceutical 
manufacturing procedure is drying operation. Drying can generally be achieved by 
employing either elevated temperature or reduced pressure. However, thermal drying is 
commonly used more than vacuum drying in industrial scale due to ease of operation. 
Regarding thermal drying, the solid phase conversion of materials may occur during 
dehydration (Byrn et al., 1999).  

Proteins and peptides are well known for their thermal-labile property. Therefore, 
chemical properties of proteins often changed upon drying. Thermal dehydration of proteins 
eventually lead to stability problems and a failure in dosage form development (Abdul-
Fattah, Kalonia and Pikal, 2007). Physical properties will also markedly be affected during 
dehydration such as cracks on the outer surface of particles can take place after thermal 
drying for some materials (Sakata, Shiraishi and Otsuka, 2004). Molecular adduct is an 
example which showed the solid state transformation during thermal dehydration. 
Ansolvate, a solvate without solvent molecules in the crystal structure, will be generated 
after the solvate is subjected to high temperature. The solvent molecule in the solvate is 
impeded as a result of the input energy from high temperature. Consequently, packing 
integrity of dehydrated materials will be altered and lead to structural weakness and finally 
structural collapse (Byrn et al., 1999). For example, drying of beclomethasone dipropionate 
monohydrate (BDM), antiasthmatic drug, resulted in the particle size reduction up to several 
folds after drying (Amolwan Chinapak, 2000). In addition, several groups of pharmaceutical 
solvates showed the same behavior as BDM where the particle sizes were reduced by 
desolvation. The removed solvent molecule from a solvate is a key factor to determine the 
extent of particle size reduction. This phenomenon has a complex behavior because the 
dehydration and size reduction occurred synchronously. The dehydration energy and the 
energy required to reduce the particle size of BDM are of great concern. Furthermore, 
different in stoichiometry of solvate/hydrate might determine the possibility of the particle 
size reduction by dehydration. Thus, it is important to study the relationship between 
molecular structures of solvate/hydrate and the dehydration energy required. In this study, 
norfloxacin (NF) is selected as model compound due to the versatility of stoichiometric 



 2
hydrates. It is necessary to determine the interconversion pathways amidst NF hydrates 
prior to evaluate the dehydration energy by thermal dehydration of the different 
stoichiometric NF hydrates.    
 

Objectives of This Study 
 

1. To crystallize and characterize solid state properties of various stoichiometry of NF 
hydrates 

2. To determine the interconversion pathways between various stoichiometric NF 
hydrates and anhydrous NF 

3. To evaluate energy required to induce the solid state interconversion between each 
stoichiometric NF hydrate and anhydrous NF  

 



 
บทที่ 2 

EXPERIMENTAL 
CHEMICALS 

• Norfloxacin (anhydrous) Form A (Sigma Aldrich, USA) 

• Isopropanol (IPA) (Mallinkrodt Chemicals, USA) 

• Acetone (Mallinkrodt Chemicals, USA) 

• Dichloromethane (Mallinkrodt Chemicals, USA)  

• Ammonium hydroxide (J.T. Baker, USA) 

• Hydrogen peroxide, 30% w/v (PanReac, Spain) 

• Ortho-phosphoric acid (Univar, Australia) 

• Lithium chloride, magnesium chloride, potassium carbonate, sodium bromide, 
sodium chloride, potassium bromide, potassium chloride, dextrose monohydrate, 
and potassium nitrate (Unilab, Australia) 

• Anhydrous calcium sulfate (Drierite®, USA)  

• Double distilled water 
 
INSTRUMENTS 

• Differential Scanning Calorimeter (822e, Mettler Toledo, Switzerland) 

• Thermogravimetric Analyzer (TGA/SDTA851e, Mettler Toledo) 

• Hot Stage (FP90, Mettler Toledo, Switzerland) equipped with optical microscope 
(Eclipse E2000, Nikon, Japan)  

• Karl Fischer (720 KFS Titrino and 703 Ti Stand, Metrohm, Switzerland) with heating 
oven (KF 707, Metrohm, Switzerland) 

• High Performance Liquid Chromatography (LC 10-ADvP, Shimadzu, Japan) 

• X-ray Powder Diffractometer (D5000, Siemens, Germany) 

• Scanning Electron Microscope (JSM-5410 LV, Jeol, Japan) 

• Diffused ATR-Fourier Transformed Infrared Spectophotometer (Spectrum One® , 
Perkin Elmer, USA) 

• Symmetrical Gravimetric Analyzer (SGA-100, VTI Corporation, Hialeah FL., USA). 
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METHODS 
 Preparation of NF hydrates  
 Dihydrate NF 
 Anhydrous NF Form A was dissolved in a mixture of IPA and water (0.915 mole 

fraction of IPA) at 60 °C in a light resistant container. The final NF concentration was equal 
to 1.5 mg/ml. The clear solution was allowed to cool down and left undisturbed at ambient 
condition to facilitate recrystallization. The resultant crystalline powder was harvested and 
kept in a tight and light-resistant container. 
  
 Trihydrate NF 
 Preparation of trihydrate NF was modified from the method reported by 
Puechagut et al. (1998). Anhydrous NF Form A was dissolved in 20% w/v aqueous 
ammonia solution to give a final clear solution at a concentration of 17.5 mg/ml. Antisolvent 
was obtained by mixing 564 ml of acetone and 156 ml of dichloromethane. The aqueous 
ammonia NF solution of 68.5 ml was gradually poured into antisolvent with continuous 
agitation. White and fluffy precipitates were developed and harvested. Dichloromethane was 
used to wash the resultant precipitates. The product was then placed in the drying oven at 

50 °C for approximately 1 hour to remove residual solvents.  
  
 Hemipentahydrate and Pentahydrate NF 
 Hemipentahydrate NF and pentahydrate NF were prepared by hydration of 
anhydrous NF Form A at specified % RH level. Anhydrous NF Form A was placed under 
75% RH and 100% RH at ambient temperature for 1 week to yield hemipentahydrate NF 
and pentahydrate NF, respectively (Katdare et al., 1986; Yuasa et al., 1982). Additionally, 
pentahydrate NF was also prepared by suspending anhydrous NF Form A in excess 
amount of double distilled water with continuous stirring. Dispersed solid was filtered and 
dried at ambient condition. 
 
 Solid state characterization of NF hydrates 
 Thermal analysis 
  The thermal properties of NF crystalline hydrates were evaluated using DSC 
with STARe software. Samples (5 mg) in aluminum pan with one pinhole were evaluated 

from 30-230 °C at a scanning rate of 10 °C/min under nitrogen purge at 60 ml/min. 



 5
TGA/SDTA was employed to investigate the liberation of volatile substance. The TGA 
operating conditions were the same as those used in the DSC study. 
 
  Hot stage microscopy (HSM) 
  HSM equipped with optical microscope was employed to evaluate solvates or 

hydrates (Vitez et al., 1998). Heating rate and temperature range were 10 °C/min and 30-

240 °C, respectively. A small amount of sample was initially suspended in mineral oil and 
placed on a glass slide before being fixed on to  the heating station. The liberation of gas 
bubbles at specified temperature was observed and recorded.   
 
  Karl Fischer titrimetry (KF) 
  The water contents of NF hydrates were monitored. Due to low solubility of NF 
hydrates in methanol, heating oven was selected as an additional attachment. 
Approximately 50 mg of the sample was inserted into the heating oven. The oven 

temperature of 160 °C was gradually increased to initiate the evaporation of water 
molecules. Water vapor was carried by dried nitrogen gas to react with KF reagents in the 
titration vessel where water contents were finally quantified. 
  
  X-ray Powder Diffraction (XRPD)  
  X-ray diffractometry was done with CuKα radiation at 40 kV and 20 mA. 

Samples were measured at a step size of 0.04 °2θ with a scan speed 5 °2θ/min from 5° to 

35 °2θ.  
 
  Fourier Transformed Infrared Spectroscopy (FT-IR) 
  ATR FT-IR was employed to observe the changes in peak position between 
anhydrous NF and NF hydrates. The samples were triturated and gently ground with dried 
potassium bromide in an agate mortar. The spectra were recorded as percent transmittance 

(%T) with respect to wave number (ν) in the range of 450 to 4000 cm-1. 
 
  Stability Indicating High Performance Liquid Chromatography (SI-HPLC) 
  SI-HPLC method was modified from the method used by Cordoba-Borrego et 
al.(1999). HPLC equipped with Hypersil BDS-C18 column in conjunction with C18-guard 
column was used. The mobile phase comprised of 0.1% v/v aqueous o-phosphoric acid: 
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acetonitrile at volume ratio of 70:30. The flow rate was equal to 1 ml/min. UV detection 
was carried out at 278 nm. Degradation product of NF was prepared by dispersing 
anhydrous NF in 30%w/v hydrogen peroxide in clear glass vial and was exposed to light 
and heat (80 °C) in an oven up to 8 hours. In addition, forced degradation in basic 
environment condition was evaluated according to the method used to prepare trihydrate 
NF. Small amount of anhydrous NF was added to 20% w/v aqueous ammonia solution and 

heated at 80 °C to initiate degradation.    
 

Scanning Electron Microscopy (SEM) 
The morphology of sample was recorded with a SEM at 15kV. The sample was 

carefully attached on the metal stub. It was then coated with gold by Sputter coater for 3 
minutes at 0.05 mbar, 15mA with a working distance of 5 cm.    

  
 Solid State Interconversion of NF Hydrate 
 In an attempt to explore the interconversion pathways among NF hydrates and the 
anhydrous form, specific conditions were identified. Temperature and surrounding % RH 
were of main interest.    
 
 Effect of Relative Humidity on the Conversion of Anhydrous NF and NF 
Hydrates 
  The effect of relative humidity on the conversion of anhydrous NF Form A was 
evaluated. Preliminary study on sorption and desorption behaviors of anhydrous phase was 
investigated by dynamic vapor sorption (DVS) using symmetrical gravimetric analyzer. 

Fifteen milligrams of anhydrous NF Form A was dried in a vacuum at 25 °C for 6 hours to 
minimize traces of surface associated water. Isothermic equilibrium condition of the cycle 
was 0.01% w/w within 15 min with a maximum step time of 75 min. The step change of % 
RH in both sorption and desorption phase were 5% RH/step. The change in sample weight 
against % RH was recorded.  
 Due to limited amounts of the samples obtained by DVS experiments, the sample at 
each equilibrium % RH was not sufficient to be collected in order to monitor for their solid 
state characteristics by XRPD. Thus, larger amounts of anhydrous NF Form A were 
exposed to specific moisture levels.  The generation of various % RH in an air tight and 
light resistant container was made by using saturated solutions of lithium chloride (11.3% 
RH), magnesium chloride (32.8% RH), potassium carbonate (43% RH), sodium bromide 
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(57.5% RH), sodium chloride (75% RH), potassium bromide (81% RH), potassium chloride 
(84% RH), dextrose monohydrate (87% RH), potassium nitrate (93.7% RH) and purified 

water (100% RH) at 25 °C (Nyquist, 1983; Kotny and Conners, 2002). The sample powders 
were exposed to each relative humidity for 7 days before being characterized.        
 The preliminary results obtained by DVS and relative humidity exposures, indicated 
that phase transformation of anhydrous NF Form A to various stoichiometric hydrates 
occurred. Thus, every stoichiometric NF hydrate produced was subjected to an extreme 
moisture level of 100% RH and an extremely dry environment of 0% RH (Drierite®) and 
monitored for further transformation. The samples were stored for 7 days and then 
characterized by XRPD compared to the corresponding references. Additional storage time 
was needed in some cases where 7 days was insufficient to induce any changes in solid 
state transformation of NF hydrates. 
 
 Effect of Temperature on the Conversion of NF Hydrates  
 The temperature effect, particularly heating, was aimed to investigate dehydration of 
NF hydrates. A moderate temperature of 60 °C was selected in an attempt to avoid 
chemical degradation. NF hydrates were placed in the drying oven at 60 °C for 48 hours 
before being characterized by XRPD. However, additional exposure time up to one month 
was needed for some NF hydrates to confirm the solid state transformation. 
 

Isothermal Dehydration of NF Hydrates  
 In order to control the effect of particle size on thermal dehydration, particle sizing 
was carried out with sieve analysis. The particle sizes of sample were in the range of 150 
to 250 microns by using sieve No. 100 and No. 60, respectively.   

 Isothermal dehydration of NF hydrates was performed by isothermal DSC (IDSC). 
Four levels of isothermal dehydration temperatures (Tiso) were 80 ºC, 85 ºC, 90 ºC and    
95 ºC. Each sample was weighed approximately 20 mg and placed in aluminum pan (100 

μl) with manually pierced lid and sealed. It was then positioned onto DSC and the power 
level of DSC was monitored as a function of dehydration time (tiso). Nitrogen gas, with a 
flow rate of 60 ml/min, was purged into the system as a protective gas to prevent any 
possible oxidative reaction at high temperature.  
 From the preliminary test, the Tiso for different NF hydrates were varied depending 
on the nature of the hydrate structures. The results showed that trihydrate NF and 
pentahydrate NF consisted of two steps of dehydration. Thus, the solid samples for the 
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above NF hydrates were investigated at the end of each dehydration step. Unfortunately, 
hemipentahydrate NF did not show distinct steps of dehydration like trihydrate NF and 
pentahydrate NF. Therefore, the solid sample of hemipentahydrate was only obtained at the 
end of complete dehydration test.  

The water content, particle size and crystal structure of dehydrated NF hydrates 
were measured by TGA, laser diffraction particle size analyzer and XRPD, respectively. The 
physical appearance of dehydrated sample was also observed with scanning electron 
microscope (SEM). 
 

Determination of Dehydration Energy of NF Hydrates  
 Quantitative determination of energy used during dehydration was calculated based 
on the concept of the area under the curve (AUC) of IDSC thermogram. Total AUC 
obtained by trapezoidal rule from energy consumption-dehydration time profile was defined 
as the dehydration energy (Kishore, 1978). In addition, the determination of AUC of the 
dehydration of NF hydrate was specifically defined due to an uncommon IDSC thermogram 
seen from preliminary studies (Figure 1). During the early period of experiment, the power 
of IDSC was increase due to the equilibration of system (from point A to B). The later step 
from point B to C was an endothermic dehydration reaction. Thus, the extrapolation from 
point B to A' was additionally done and calculated as a part of the total AUC. Therefore, the 
total AUC was equivalent to the summation of the AUC of early stage of dehydration (from 
A' to B) and the AUC of the later stage of dehydration (from B to C). 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 Model of IDSC thermogram of NF hydrate during isothermal dehydration 
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On the other hand, the calculation of activation energy (Ea) for dehydration was 

determined by both model dependent and model independent solid state kinetic. Model 
dependent kinetic was determined from a plot of ln k from the solid state kinetic model 
versus reciprocal absolute temperature (1/T) provides Ea of dehydration from the slope (-
Ea/R) (Byrn et al., 1999). Model independent kinetic, the slope from linear relationship of ln t 
and 1/T was calculated and resolved as Ea of dehydration (Dong et al., 2002 and Zhou et 
al., 2003).    



 
บทที่ 3 

 
RESULTS AND DISCUSSION 

 
Solid State Characterization of NF Hydrates 
 Anhydrous NF starting material was characterized by XRPD, DSC and TGA. TGA 
revealed negligible mass loss of less than 1% w/w which was in accordance with USP and 
BP specifications of anhydrous NF (USP 27; BP 2002). DSC and TGA thermograms of 
various NF forms are shown in Figure 2. DSC confirmed a single sharp endotherm at a 
temperature range of approximately 220 to 225 °C for anhydrous NF (Figure 2A). XRPD of 
anhydrous NF (Figure 4A) showed characteristic peak positions identical to those reported 
for NF Form A (Barbas et al., 2006; Katdare et al., 1986; Yuasa et al., 1982). It was hence 
concluded that the anhydrous NF in our experiment was polymorphic anhydrous NF Form 
A.     

 Slow recrystallization of NF solution in IPA:water mixture resulted in  dihydrate NF. 
Thermal properties and water content of this hydrate are shown in Figure 2C. DSC and 
TGA thermograms showed endothermic peaks along with weight loss at the same 
temperature range of 80 to 140 °C. HSM also showed water vapor bubbles within the same 
temperature range (Figure 5F). Water content obtained by KF titration agreed well with the 
weight change obtained by TGA (Table 1) which indicated a stoichiometric dihydrate 
formation. XRPD pattern of the dihydrate NF was not reported in any previous publications 
for reference. Thus, a single crystal X-ray diffraction (SC-XRD) data from crystals obtained 
by the above recrystallization method was compared to NF dihydrate single crystal X-ray 
diffraction data reported by Florence et al. (2000) and were found to be identical. Therefore, 
the experimental XRPD pattern of NF dihydrate (Figure 4C) was confirmed by the 
calculated powder diffraction pattern generated from SC-XRD data by MERCURY® software 
and served as reference XRPD pattern for dihydrate NF in future experiments. However, 
this recrystallization process was time-consuming and chemical degradation of NF is of 
great concern. The results obtained from SI-HPLC of the recrystallized NF dihydrate did not 
show degradation (Figure 3). Thus, the quality of NF dihydrate produced was essentially 
free from degraded compounds and was acceptable to be used as the reference for future 
studies.  
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Figure 2 DSC and TGA thermograms of anhydrous NF Form A (A), disordered NF state 
(B), dihydrate NF (C), hemipentahydrate NF (D), trihydrate NF (E) and pentahydrate NF (F) 

 
 
 
 
 

 



 12
Table 1 Water content (KF), percent weight loss (TGA) and stoichiometry between NF and 
water molecules 

Method of preparation 
KF 

water content (%)  
TGA 

% weight loss 

Stoichiometry 
(NF:water 
molecule) 

Desiccation NF pentahydrate 
Recrystallization from 

IPA:water mixture 
Exposure to 75% RH 
Precipitate from aqueous 

ammonia solution  
Exposure to 100%RH 

5.55(0.561) 
10.10 (0.080) 

 
11.55 (0.611) 
14.49 (0.342) 

 
20.55 (0.367) 

6.24(0.372) 
9.34 (0.136) 

 
12.12 (0.039) 
14.81 (0.046) 

 
20.87 (0.153) 

--- 
1:2 

 
1:2.5 
1:3.0 

 
1:5.0 

SD shown in parentheses. 
 
 

 Trihydrate NF generated from antisolvent precipitation was characterized. The 
results from HSM confirmed the existence of solvate or hydrate as seen from the evolution 
of vapor bubbles during heating. DSC yielded a large endotherm immediately followed by 
another minor endotherm at the temperature range of 80 to 130 °C (Figure 2E). Total 
weight loss obtained by TGA was 14.81% w/w and occurred at the same temperature range 
as that of the DSC endotherm (Figure 2E). Meanwhile, KF confirmed the trihydrate 
stoichiometry of the crystalline precipitate (Table 1). XRPD pattern shown in Figure 4E was 
used as reference XRPD pattern of trihydrate due to the fact that no reference XRPD 
pattern was available in any previous works. In addition, SI-HPLC did not detect any NF 
degradation after trihydrate NF was generated (Figure 3). 
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Figure 3 Comparative HPLC chromatograms of various hydrates NF with standard NF in 
conjunction with the use of methyl paraben (MP) as internal standard 
  
 DSC analysis of the hemipentahydrate NF (Figure 2D) and the pentahydrate NF 
(Figure 2F) which were produced from direct exposure to moisture, showed large 
endotherm followed by a smaller endotherm at approximately 120 °C and 140 °C, 
respectively. TGA showed a two step weight loss at the same temperature as achieved by 
DSC. The total weight loss from TGA and the water content obtained from KF were in good 
agreement confirming the stoichiometry of the hemipentahydrate NF and the pentahydrate 
NF (Table 1). HSM showed continuous liberation of vapor bubbles during the temperature 
ranges corresponding to their DSC and TGA dehydration endotherms (Figure 5A to 5D). 
XRPD of both hydrates are illustrated in Figure 4D and 4F and the XRPD patterns were 
essentially the same as XRPD of the hemipentahydrate NF and the pentahydrate NF 
reported by Yuasa et al (1982).  
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Figure 4 XRPD patterns of anhydrous NF Form A (A), disordered NF state (B), dihydrate 
NF (C), hemipentahydrate NF (D), trihydrate NF (E) and pentahydrate NF (F)  

 
 

  
 
 
 
 
 
 
 

                      
                         
 



 15
 
 
A                                                                                      B                                                                                    
 
 
 
 
C                                                                                      D  
 
 
 
 
E                                                                                       F 
 

 
 
 
 
 
 
 
 
 

Figure 5 HSM photomicrographs of NF hydrates immerse in mineral oil upon heating 
(hemipentahydrate NF at ambient temperature (A), hemipentahydrate NF at temperarature 
over 120°C (B), pentahydrate NF at ambient temperature (C), pentahydrate NF at 
temperarature over 120°C (D), dihydrate NF at ambient temperature (E), dihydrate NF at 
temperarature over 100°C (F)) 
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 Pentahydrate NF, which was obtained from an alternative method of suspending 
anhydrous NF Form A in water also provided the same thermal behavior and XRPD pattern 
as the one hydrated NF at 100% RH. However, the crystal habits of the two pentahydrate 
NF were different. SEM micrographs of each solid were generated. Light yellow and coarse 
powder of anhydrous NF Form A (Figure 6A) was converted to opaque white, needle-like 
fluffy pentahydrate NF after having directly came into contact with water (Figure 6C). In 
contrast, exposure of anhydrous NF Form A to 100% RH did not change the appearance of 
the original powder (Figure 6A) even when the structure was found to be converted to the 
pentahydrate NF. 

A different method of preparation and level of moisture in an environment greatly 
impacted on the formation of hydrate NF. The direct contact between anhydrous NF Form A 
with water was an issue. The precipitation of dispersed anhydrous NF Form A in excess 
amount of water was filtered and dried at ambient condition. An intact physical appearance 
of anhydrous NF Form A (light yellow fine powder) was rapidly converted to fluffy and waxy 
solid with opaque white color. SEM photomicrograph of solid obtained was fine needle-like 
particles fused together forming a network (Figure 6). It might be due to water partially 
dissolved the surface of anhydrous NF crystal and recrystallized and bridged together as 
NF hydrates. Light microscopy was used to investigate such phenomena. Anhydrous NF 
Form A with a drop of water was prepared on glass slide. The result suggested that the 
transformation of anhydrous NF Form A to the new unknown form immediately happened 
after contact with water (Figure 7B-D). The longer the contact time the more developed the 
new unknown NF form. The new unknown form was characterized and found to be 
pentahydrate NF. Thus, different methods of preparation could provide an identical internal 
structure of NF hydrate with different observable habit.  
  The phase transformation of anhydrous NF Form A to pentahydrate after direct 
contact with water is a valuable data for the pharmaceutical industries. Some made NF 
tablets by wet granulation with aqueous binder showed the physical transformation of 
powder blend after binder was added. The new physical character of the powder blend was 
hard and waxy agglomerates. It directly impact on the mixing efficiency and working 
capability of mixer. In the case of low efficiency mixer, mixer was usually broken during the 
mixing/granulating process. High efficiency mixer could overcome the above problem. 
However, the uniformity of powder blend was argued. It was suggested that a new phase in 
powder blend was strongly contributed from the transformation of anhydrous NF Form A to 
the pentahydrate NF with needle-like appearance. Non-aqueous binding solution was 
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suggested to protect the solid state transformation of anhydrous NF Form A. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 Scanning electron photomicrographs of anhydrous NF Form A (A), pentahydrate 
NF obtained from 100%RH vapor exposure (B) and pentahydrate NF from directly 
dispersed in water (C) 
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Figure 7 Photomicrographs of anhydrous NF Form A after dispersed in water at various 
contact time at the magnification of 400. (A. initial, B. 15 minutes, C. 60 minutes and D.180 
minutes)  
 
 Another NF hydrate form found in this study, the disordered NF state, has not been 
previously reported elsewhere. Dehydration of pentahydrate NF via desiccation over time 
produced a so-called disordered NF state. DSC and TGA of the disordered NF state are 
shown in Figure 2B where a complex dehydration behavior was observed. Dehydration was 
detected during the first broad endotherm (100 °C) and immediately followed by a sharp 
exotherm (115 °C) and another broad endotherm. Mass loss of disordered NF state also 
took place over the same temperature range as found in the DSC. The sharp exotherm was 
possibly due to the rearrangement of NF molecules after water molecules were partially 
removed. Disordered NF provided an XRPD pattern similar to the amorphous material 
(Figure 4B). However, minor peak intensity in certain regions could still be observed. In 
comparison with amorphous NF (Šuštar et al., 1993), the DSC of disordered NF showed  
large endotherm with rapidly changing exotherm at the range of approximately 80 ºC to  
110 ºC while amorphous NF exhibited an endotherm immediately followed by an exotherm 
from 80 to 150 ºC. In addition, disordered NF showed two broad endothermic peaks while 
this thermal behavior was not seen in an amorphous NF upon heating. Thus, the disordered 
NF was believed not to be a true amorphous but only microcrystalline disorder state. The 

A B

C D
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mild condition used to remove water molecules from pentahydrate NF might perturbed 
the crystal structure and led to a new arrangement or disordered state. Thus, short range 
order of crystal lattice was still preserved. Amorphous or disordered state generally 
occurred with anhydrous materials. However, some amorphous materials absorbed water 
molecules in the structure. For example, raffinose pentahydrate could become amorphous 
with water content equivalent to stoichiometric monohydrate (Hogan and Buckton, 2001).     

In order to characterize the complex thermal behavior of the disordered NF, XRPD 
was utilized to monitor the molecular rearrangement of intact and heated disordered NF at 

predetermined times by using DSC. One sample was heated from 25 to 120 °C (D-I) and 

the other sample was heated from 25 to 160 °C (D-II). The DSC thermograms of heated 
sample of D-I and D-II are illustrated in Figure 8. DSC thermogram of D-I showed a 
complete disappearance of the initial complex thermal behavior comprised of large 
endotherm with followed by rapid exotherm. Subsequently, D-II exhibited the thermogram 
consisted of only second endotherm after the initial thermal event was removed. It indicated 
that two complex thermal events of disordered NF did not have any interaction together. 
After the first two events were removed, DSC thermogram displayed only one sharp 
endotherm correlated to the melting endotherm of anhydrous NF Form A. It could be initially 
concluded that two locations of water molecules of disordered NF were separated in 
different lattice space. Moreover, the XRPD pattern of D-I is displayed in Figure 9B. It 
showed increased in crystallinity compared to the initial disordered NF. Initial disordered NF 
was also heated from and its XRPD pattern is illustrated in Figure 9C. The solid obtained 
after D-II exhibited higher order than that of initial disordered NF and after D-I treatment. 
The XRPD pattern was shown to be identical to that of the anhydrous NF Form A. TGA 
confirmed that the solid obtained after D-II treatment showed no weight loss. It could, 
hence, be concluded that solid collected after D-II treatment is an anhydrous Form A. The 
total weight change from D-I to D-II was approximately 1.64% which was higher than the 
value allowed for anhydrous NF in the official monographs (less than 1%) (USP 27; BP 
2002). Thus, the solid resulted from D-I treatment was a hydrated transitional phase which, 
in turn, would convert to the anhydrous Form A upon further heating. In addition, the water 
content of hydrated transitional phase obtained from TGA was in the range of 2.5 to       
3.5 %w/w that was in the range of hemipentahydrate NF form. It should be indicated the 
hydrated transitional phase was the one hydrate form of NF.    
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Figure 8 DSC thermograms of disordered NF with respect to different heating temperature 
programs 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9 XRPD patterns of disordered NF state (A), after D-I (B), after D-II (C) and 
anhydrous NF Form A (D) 

D-I

D-II

Disorderd state NF 
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In general, materials of disordered molecular arrangement are more sensitive to 

moisture than the ordered crystalline phase. Consequently, the moisture sensitivity of the 
disordered NF was a critical issue. The disordered NF was thus exposed to various 
humidity levels for 7 days and the XRPD patterns were recorded (Figure 10). The 
transformation of the disordered NF to the crystalline pentahydrate NF form was completed 
when at least 57% RH was used. At 32.8% RH, partial transformation to the pentahydrate 
was seen according to the presence of peaks at 6.40, 13.00, 17.28, 23.36 and 26.20 °2θ. 
On the other hand, the disordered NF state was stable under 11.3% RH for at least 2 
months similar to the XRPD pattern after 7 days exposure to 11.3% RH. Thus, exposing the 
disordered NF to more than 32.8% RH would eventually generate the crystalline 
pentahydrate NF. However, at humidity of 11.3% RH or below, the disordered NF structure 
was retained. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10 XRPD patterns of disordered NF states exposed to different relative humidity for 
7 days 
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 Chemical interaction between water of crystallization and active moiety of every 
NF hydrate was investigated by spectroscopic FT-IR. The spectra of every NF hydrate form 
were recorded and compared (Figure 11). The signal at specific wavenumber can be 
interpreted in terms of the functional group of the material. The IR spectrum of anhydrous 
NF Form A exhibited main absorption peaks at 1732 and 1253 cm-1 indicating C=O and   
C-O bond stretching of carboxylic group, respectively. When water molecules are 
incorporated into the crystal structure, the response of C=O and C-O are found to gradually 
decrease as a function of increased number of water of crystallization (Mazuel, 1991). 
Meanwhile, the responses at 1584 and 1340 cm-1 of carboxylate anion are markedly 
increased. The above results suggested that structures of the carboxylic group in these 
hydrates are the carboxylate anion (Hu et al., 2002). In addition, the responses in the 
regions of 3700 to 3250 cm-1 owing to OH stretching were clearly present in all NF 
hydrates, signifying hydrogen bonding between carboxylic group and water molecules in the 
crystal structure (Byrn et al., 1999). The FT-IR spectrum of the disordered NF was also 
investigated. The presence of peaks at 1581 and 1334 cm-1 confirmed the occurrence of 
carboxylate anion identical to other hydrates and  the lack of responses at 1732 and 1253 
cm-1 confirmed that C=O and C-O stretching of carboxylic group was disturbed by water 
molecule as well. It can be concluded that water molecules in disordered NF formed 
structural hydrogen bonds with NF molecules similar to those of other stoichiometric 
hydrates. Thus, it is believed that the disordered NF form was not a true amorphous state 
but a metastable phase with short range ordered structure.           
 
          
 
 
            
 
 
 
 
 
 
Figure 11 FT-IR spectra of anhydrous NF Form A, disordered NF state and other 
stoichiometric hydrates of NF 
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Solid State Interconversion of NF Hydrates 
  XRPD patterns of NF hydrates (Figure 4) were used as reference patterns to show 
specific characteristics of each form and were used to identify the solid state transformation. 
The following studies gathered evidences on the solid state transformation of NF hydrates 
under different environmental i.e. relative humidity and temperature.  It should be noted that 
the observed trends are based on visual inspection of the diffraction patterns and are not 
intended to be quantitative. 
 
  Effect of Relative Humidity on Solid State Transformation of NF Hydrates  

Moisture content in the environment usually plays the most pivotal part in hydrate 
formation of many organic compounds (Zhu et al., 1996a; Zhu and Grant, 1996b). The 
anhydrous NF Form A placed under different %RH were found to form varying 
stoichiometric NF hydrates (Katdare et al., 1986; Yuasa et al., 1982). The moisture sorption 
study was used as a rough evaluation on the hydrate formation behavior due to moisture. 
Moisture vapor sorption data of the anhydrous NF Form A obtained by DVS showed that 
under 60% RH, the anhydrous structure was retained (Figure 12). On the other hand, at 
moisture levels higher than 60% RH, anhydrous NF Form A showed a marked mass 
increase. The higher the relative humidity of the environment above 60% RH the higher the 
weight gain. The final solid structure formed at the end of the sorption phase was later 
found to be the pentahydrate NF by XRPD.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12 Dynamic water vapor moisture sorption and desorption isotherms of anhydrous 
NF Form A at 25°C 
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 Desorption phase of the induced the pentahydrate NF showed that the 
pentahydrate NF was very stable even at below 30% RH. However, when the environment 
reached very low humidity of below 20% RH, significant weight loss occurred. The result 
suggested that for dehydration of the pentahydrate NF to occur the environment must reach 
very low relative humidity. These data could be used to determine a suitable storage 
condition of NF raw material. The suggested storage condition for the anhydrous NF Form 
A should be in an environment where moisture level is not more than 60% RH at room 
temperature. The pentahydrate NF form should not be stored in areas where relative 
humidity is below 20% RH to prevent dehydration.  

 The degree of hydration of anhydrous NF Form A with respect to relative humidity 
was investigated and characterized by XRPD (Figure 13). The hemipentahydrate NF was 
achieved when anhydrous NF Form A was exposed to 75%RH as mentioned in the 
previous section. XRPD patterns of the anhydrous NF Form A which were stored between 
81%RH to 87%RH, however, showed mixed characteristics at 6.48 °2θ and 25.48 °2θ of 
the pentahydrate NF and the hemipentahydrate NF, respectively. Increasing the moisture 
level was found to accentuate the intensity of the peak at 6.48 °2θ. Meanwhile the intensity 
at 25.48 °2θ was reduced. When anhydrous NF Form A was exposed to humidity higher 
than 93.7%RH, pure pentahydrate NF was found. In addition, exposure of the anhydrous 
NF Form A at very high humidity did not generate any degradation products as confirmed 
by SI-HPLC.  

NF hydrates were placed under 100%RH for 7 days after which XRPD patterns 
were recorded. The XRPD results revealed that every sample converted to the 
pentahydrate NF, except the dihydrate NF. The dihydrate NF exposed to 100% RH showed 
mixed characteristics of both dihydrate NF and pentahydrate NF (Figure 14). It could be 
inferred that the pentahydrate NF was the most stable form in extremely high moisture 
environments.  

 
 
 
 
 
 
 
 



 25

5 10 15 20 25 30 35
O2θ

dihydrate NF

pentahydrate NF

dihydrate NF exposed to 
100% RH

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13 XRPD patterns of anhydrous NF Form A under different relative humidity for 7 
days 
 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
Figure 14 XRPD patterns of dihydrate NF under 100% RH for 7 days 
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On the other hand, the reduction to near 0%RH was also investigated. The 

pentahydrate NF was transformed to the disordered NF state as discussed earlier. The 
XRPD pattern of the hemipentahydrate NF at 0% RH is illustrated in Figure 15. The 
characteristic peak at 25.48 °2θ was slightly shifted to lower angle of 24.84 °2θ which 
corresponded to the anhydrous NF Form A. Meanwhile, the intensity at 26.68 °2θ gradually 
decreased as a function of exposure time. The longer contact time to dry environment led 
to the formation of a mixture of the two forms. The trihydrate NF showed the same 
phenomenon on the conversion to the anhydrous NF Form A during exposure to 0% RH 
condition. The XRPD patterns of the trihydrate NF during dehydration are shown in Figure 
16. After 7 days of dehydration, peak responses at 9.84, 20.52 and 24.84 °2θ of the 
sample were found to be of the anhydrous NF Form A. Peak positions at 7.52 and 25.40 
°2θ were also apparent and related to the hydrated transitional phase similar to the heat 
treated (D-I) of the disordered NF state (Figure 9B). Meanwhile, other strong and 
characteristic trihydrate peaks still existed. In summary, dehydration by reduction of 
environmental moisture was not an effective method to convert neither the 
hemipentahydrate NF nor the trihydrate NF to the pure anhydrous NF Form A even after 90 
days exposure. Therefore, the dihydrate NF was not further evaluated due to lack of 
dehydration efficiency by this approach.   

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 15 XRPD patterns of hemipentahydrate NF under desiccant (0% RH) as a function 
of exposure time 
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Figure 16 XRPD patterns of trihydrate NF under desiccant (0% RH) as a function of 
exposure time 
 
  Effect of Elevated Temperature on Solid State Transformation of NF Hydrates  
       Thermal dehydration is the most common way to prepare anhydrous materials in 
the pharmaceutical industry. There are many publications reported the polymorphic 
transformation or occurrence of desolvation upon thermal treatment (Lin and Chien, 2003; 
Willart et al., 2002; Landgraf et al., 1998; Hakanen and Laine, 1995). Hence, the conversion 
of NF hydrates using selected elevated temperature was performed. In this study, a 
moderate temperature of 60 °C was selected to minimize potential chemical degradation 
associated with higher temperatures.  
  The disordered NF was heated at 60 °C for 48 hours. XRPD showed that the 
anhydrous NF Form A was transformed from the disordered NF after heating (Figure 17B). 
The residual water content of the heated samples was investigated using KF. The water 
contents were 1.02, 0.60 and 0.46 for heated samples of the disordered NF, the 
hemipentahydrate NF and the pentahydrate NF, respectively. The results revealed that all 
heated samples were essentially anhydrous because the water content was approximately 
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at or below the maximum limit (1%) for NF anhydrous specified in the monograph (USP 
27; BP 2002). In the case of the heated hemipentahydrate NF, the XRPD pattern was 
similar to that of the disordered NF (Figure 17C). Note that the heated pentahydrate NF 
resulted in a similar XRPD pattern to that of the anhydrous Form A but with two additional 
peaks at 7.52 and 25.40 °2θ (Figure 17D). These two peaks were assumed to be the 
residual of the hydrated transitional phase (Figure 9B) found during D-I treatment of the 
disordered NF state.  
 The results from the heated dihydrate NF and the heated trihydrate NF are shown in 
Figures 18 and 19, respectively. The XRPD of the dehydrated dihydrate NF revealed that a 
partial anhydrous phase was generated after thermal dehydration for 48 hours. However, 
peaks at 10.60, 11.32 and 13.16 and 25.00 °2θ corresponding to the dihydrate NF were 
still present. Extended heating time of up to 1 month gave material with an identical pattern 
to that of the 48-hour treated sample. Thus, the longer heating time did not fully convert the 
dihydrate NF to the anhydrous NF Form A. The trihydrate NF also behaved in the same 
way upon thermal dehydration. XRPD of the treated trihydrate NF showed the anhydrous 
Form A peaks at 9.80, 16.04, 22.68 and 24.84 °2θ. Additional peak position at 7.52 and 
25.40 °2θ were also noticeable and related to the hydrated transitional phase while the 
trihydrate NF peak at 23.36 °2θ remained pronounced indicating a mixture of the three 
forms. Extended thermal dehydration of the trihydrate NF at 60°C of up to 1 month did not 
generate the pure anhydrous NF Form A. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 17 XRPD patterns of anhydrous NF Form A (A), disordered state NF (B), 
hemipentahydrate NF (C) and pentahydrate NF (D) after heated at 60°C for 48 hours 
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Figure 18 XRPD patterns of dihydrate NF after heated at 60°C for various time period 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19 XRPD patterns of trihydrate NF after heated at 60°C for various time period 
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 The solid state interconversion of NF hydrates is summarized in Figure 20. The 
anhydrous NF Form A and the other hydrate forms transformed to the pentahydrate NF 
when exposed to saturated water vapor. Meanwhile, the anhydrous NF Form A could be 
produced from thermal dehydration of the disordered NF state and hemipentahydrate NF. 
On the contrary, dihydrate NF, trihydrate NF and pentahydrate NF were not fully converted 
to the anhydrous NF Form A upon heating. Dehydration of NF hydrates with the aid of 
desiccant did not provide pure anhydrous NF Form A. Instead, it generated the disordered 
NF state from the pentahydrate NF. The disordered NF state had specific rehydration 
behavior and instability against humidity such that it could easily be transformed to the 
pentahydrate NF starting at very low moisture of 32.8% RH compared to the anhydrous NF 
Form A where it needs 93.7% RH to convert to the pentahydrate NF.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20 Summary of the solid state interconversion of anhydrous NF Form A and its 
hydrates (    = complete transformation, --- = incomplete transformation, T = hydrated 
transitional phase or hemipentahydrate NF, * = the dihydrate NF derived from 
recrystallization in the mixture of IPA and water, ** = the trihydrate NF generated by 
antisolvent precipitation from aqueous ammonia NF solution)  
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Isothermal Dehydration of Hemipentahydrate NF 

 IDSC patterns during dehydration of hemipentahydrate NF are illustrated in Figure 
21. The Tiso of hemipentahydrate NF at various Tiso were different and depend on the nature 
of dehydration. The Tiso was determined by observing an unchanged power in IDSC 
thermograms. The Tiso of the dehydration of hemipentahydrate NF was determined to be at 

180 mins at 95 °C and 300 mins at 80 °C, 85 °C and 90 °C. IDSC patterns of all 
hemipentahydrate NF showed two steps consecutive dehydration. However, the dehydration 
steps were not clearly separated. Energy calculation of the dehydration process was 
possible only when dehydration was completed. The AUC of IDSC patterns at various Tiso 
were calculated and are tabulated in Table 2. The result revealed that dehydration energies 
at every Tiso were insignificantly different. It could be concluded that the total energy needed 
for dehydration of hemipentahydrate NF was temperature independent within the 

investigated range of 80 °C to 95 °C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 21 IDSC thermograms of hemipentahydrate NF during isothermal dehydration at 
various Tiso   
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Table 2 Dehydration energy, residual water content and particle size of dehydrated 
hemipentahydrate NF after complete dehydration at different Tiso 
 

Tiso (°C) Dehydration energy 
(J/g) 

Residual water content 
by TGA (%w/w) 

d [v,0.5] 
(micron) 

Intact form 
80 
85 
90 
95 

- 
285.12 ± 5.34 
290.33 ± 6.57 
292.38 ± 5.75 
277.57 ± 12.56 

12.12 ± 0.04 
0.38 ± 0.06 
0.43 ± 0.36 
0.37 ± 0.27 
0.24 ± 0.13 

248.88 ± 2.91 
240.68 ± 5.53 
225.03 ± 8.16 
212.17 ± 5.89 
237.13 ± 1.50 

 
The residual water contents of all dehydrated hemipentahydrate NF were lower than 1% 
w/w (Table 2) indicating the generation of the anhydrous phase of NF. XRPD of every 
dehydrated hemipentahydrate NF after exposure to different Tiso showed the specific 
character of anhydrous NF Form A (Figure 22).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 22 XRPD diffractograms of dehydrated hemipentahydrate NF after isothermal 
dehydration with respect to Tiso  
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Investigation of particle size changes during dehydration are also demonstrated in 

Table 2. According to statistical comparison, the difference of particle size between intact 
hemipentahydrate NF and all dehydrated hemipentahydrate NF were found to be 
significantly different (p<0.05). The particle sizes of intact hemipentahydrate NF and 

dehydrated samples at 85 °C and 90 °C were significantly different (p<0.05), while there 
was no difference between the particle size of  intact hemipentahydrate NF and the 

dehydrated samples at 80 °C and 95 °C. It might be due to the fact that the particle size 
reduction of hemipentahydrate NF depends on the heating rate at different Tiso while 

dehydration energies of all dehydrated samples were similar. At the lowest Tiso of 80 °C, 
SEM photomicrographs did not show particle size disruption (Figure 24). SEM 

photomicrographs of dehydrated hemipentahydrate NF at higher Tiso of 85 °C and 90 °C 
showed surface defects and resulted in the smaller particles of anhydrous NF Form A. 

However, at the highest Tiso of 95 °C, anhydrous barrier was rapidly generated and retard 
the escape of water molecules and led to the retained hydrated structure. The statistically 
significant difference in particle size between intact and dehydrated hemipentahydrate NF 
was determined but it could not be concluded that the particle size reduction was evident 
because the maximum difference was within the range of 25 micron. Thus, the apparent 
energy used for particle size reduction of hemipentahydrate NF by isothermal dehydration 
was not determined in this study.   

 The relationship between fraction reacted (α) and time (t) of dehydration of 
hemipentahydrate NF by model dependent solid state kinetic are presented in Figure 23. It 
was directly derived from IDSC data at each Tiso and showed two steps of dehydration from 
observable two phases of the slopes. The calculated Ea with different solid state kinetic 
equations were in the range of approximately 76 kJ/mol and 120 kJ/mol for the early and 
the later stage of dehydration, respectively. The Avrami Eroféev equations with one and two 
dimensional gave a good fit of the dehydration of hemipentahydrate NF. The random nuclei 
generated along one or two dimensions and progressively ingested other nuclei was 
defined as main mechanism of dehydration. Beside, the phase boundaries model also 
showed good agreement. It indicated the advancement of dehydrated phase from the 
outside of particle concerned to the inside. Therefore, the main mechanism of dehydration 
was not able to be explained by either single Avrami Eroféev model or Phase Boundaries 
model. Model independent approach resulted in Ea in between of 80 to 120 kJ/mol which 
was similar to the Ea obtained from model dependent (Figure 25). These results indicated 
that the “rate” of dehydration of hemipentahydrate NF for both steps depended on the 
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dehydration temperature. The higher Ea of the initial step of dehydration strongly 
indicated the temperature dependency of the dehydration rate. On the other hand, the 
gradual and continuous decrease in Ea during dehydration indicated less energy barrier for 
dehydration which resulted from the disruption of the structural integrity of hydrate particles 
without particle size reduction.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 23  α-t curves of dehydration of hemipentahydrate NF at different Tiso  
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Figure 24 SEM photomicrographs of hemipentahydrate NF after complete dehydration at 
various Tiso (left column at the magnification of 35, right column at the magnification of 
5000) 

intact intact 

80 °C 80 °C 

85 °C 85 °C 

90 °C 90 °C

95 °C 
95 °C 



 36

0

10

20

30

40

50

60

70

80

90

100

110

120

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

α

Ea (kJ/mol)

pentahydrate NF
trihydrate NF
hemipentahydrate NF

Table 3 The activation energy of isothermal dehydration of hemipentahydrate NF with 
various solid state kinetic models 
 

Ea (kJ/mol) 
Model equation First step of dehydration 

(0.20 to 0.80 of α) 

Second step of dehydration 

(0.93 to 0.97 of α) 
Avrami Eroféev 

1 dimensional 
2 dimensional 

Phase Boundary 
2 dimensional 
3 dimensional 

 
76.56 
75.84 

 
76.95 
77.22 

 
119.23 
119.19 

 
120.45 
121.10 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 25 Comparative activation energy of dehydration derived from model independent 
solid state kinetic of different stoichiometric NF hydrates  
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Isothermal Dehydration of Trihydrate NF and Pentahydrate NF 

 Due to a complex dehydration behavior of trihydrate NF and pentahydrate NF, IDSC 
of both hydrate NF (Figure 26 and Figure 27) showed consecutive dehydration similar to 
hemipentahydrate NF. However, these behaviors showed clearer separation between two 
phases of dehydration than that of hemipantahydrate NF. The Tiso of trihydrate NF and 
pentahydrate NF at different Tiso were able to be elucidated as two points. The first Tiso was 
selected between the first and second dehydration endotherm while the second Tiso was the 
time of unchanged power of later dehydration phase in IDSC thermogram. In this study, the 
Tiso of first step dehydration for trihydrate NF were 310, 180, 110 and  80 mins while the 

Tiso of second step or complete dehydration were 750, 510, 330 and 210 mins at 80 °C,  

85 °C, 90 °C and 95 °C, respectively. On the other hand, the first Tiso of pentahydrate NF 
were 240, 140, 90, 70 mins and the second Tiso for complete dehydration were 600, 390, 

330, 240 mins at 80 °C, 85 °C, 90 °C and 95 °C, respectively. The direct energy 
measurement of the first and the second steps (complete dehydration) were determined 
and tabulated in Tables 4 and 5. Additional data of residual water content and particle size 
of each dehydrated sample were also included in these tables.    

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 26  IDSC thermograms of trihydrate NF during isothermal dehydration at various Tiso   
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Figure 26 (cont.) IDSC of the second step of the thermograms obtained from trihydrate NF 
during isothermal dehydration at various Tiso    
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 27 IDSC thermograms of pentahydrate NF during isothermal dehydration at various 
Tiso  
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Figure 27 (cont.) IDSC of the second step of the thermograms obtained from pentahydrate 
NF during isothermal dehydration at various Tiso    

 
 
 

Table 4 Dehydration energy, residual water content and particle size of dehydrated 
trihydrate NF after dehydration at different Tiso 
 

Step of 
dehydration 

Tiso 

(°C) 

Dehydration 
energy (J/g) 

Residual water content 
by TGA (% w/w) 

d [v,0.5] 
(micron) 

Intact form - - 14.88 ± 0.08 241.71 ± 1.95 
First step 80 

85 
90 
95 

375.46 ± 17.78 
379.73 ± 10.21 
374.73 ± 2.34 
360.74 ± 4.16 

3.03 ± 0.42 
2.64 ± 0.21 
2.91 ± 0.40 
3.43 ± 0.09 

227.58 ± 4.66 
235.53 ± 2.97 
231.67 ± 2.27 
236.13 ± 1.39 

Complete 
dehydration 

step 

80 
85 
90 
95 

455.38 ± 7.56 
436.29 ± 42.09 
435.82 ± 18.74 
436.57 ± 3.87 

0.56 ± 0.35 
0.36 ± 0.16 
0.11 ± 0.01 
0.15 ± 0.07 

234.86 ± 2.17 
215.09 ± 3.89 
229.81 ± 0.35 
228.65 ± 2.13 
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Table 5 Dehydration energy, residual water content and particle size of dehydrated 
pentahydrate NF after dehydration at different Tiso 
 

Step of 
dehydration 

Tiso 

(°C) 

Dehydration 
energy (J/g) 

Residual water content 
by TGA (%w/w) 

d [v,0.5] 
(micron) 

Intact form - - 20.87 ± 0.15 211.04 ± 1.46 
First step 80 

85 
90 
95 

409.32 ± 3.18 
392.63 ± 11.20 
387.12 ± 9.86 
400.25 ± 16.29 

3.09 ± 0.08 
2.75 ± 0.17 
3.47 ± 0.19 
2.62 ± 0.15 

199.52 ± 0.99 
198.91 ± 2.23 
168.52 ± 2.19 
203.14 ± 2.75 

Complete 
dehydration 

step 

80 
85 
90 
95 

416.59 ± 21.18 
436.90 ± 12.96 
434.50 ± 13.96 
448.12 ± 11.16 

1.09 ± 1.16 
0.72 ± 0.30 
0.73 ± 0.12 
0.75 ± 0.01 

205.58 ± 1.84 
187.77 ± 1.64 
197.51 ± 1.75 
192.52 ± 3.76 

 
 
The direct energy measurement within each group of dehydration step with respect 

to temperatures used for Tiso for trihydrate NF and pentahydrate NF were insignificantly 
different. However, the differences of the energies between the first step dehydration and 
the complete step of dehydration for trihydrate NF and pentahydrate NF were statistically 
found (p<0.05). The results revealed that the total required energy for complete dehydration 
of both hydrates NF were not affected by the temperatures used similar to 
hemipentahydrate NF. The residual water contents of both trihydrate NF and pentahydrate 
NF after the first step of dehydration was approximately 2.5-3.5% w/w (Tables 4 and 5), 
indicating an incomplete dehydration of both hydrates after the first step of dehydration. 
Furthermore, XRPD patterns of both dehydrated trihydrate NF (Figure 28) and pentahydrate 
NF (Figure 29) after the first step of dehydration shown to be a mixture of anhydrous NF 
Form A and the hydrated transitional phase. However, only anhydrous NF Form A was 
found after allowing the complete dehydration for both NF hydrates (Figures 30 and 31). 
The low level of residual water contents of trihydrate NF and pentahydrate NF were at or 
below 1% w/w after the complete dehydration and confirmed the conversion to anhydrous 
NF Form A.  
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Figure 28 XRPD diffractograms of dehydrated trihydrate NF after first step of isothermal 
dehydration with respect to Tiso 
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Figure 29 XRPD diffractograms of dehydrated pentahydrate NF after first step of isothermal 
dehydration with respect to Tiso 
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Figure 30 XRPD diffractograms of dehydrated trihydrate NF after complete dehydration with 
respect to Tiso  
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Figure 31 XRPD diffractograms of dehydrated trihydrate NF after complete dehydration with 
respect to Tiso  
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The particle size of dehydrated trihydrate NF and dehydrated pentahydrate NF 

were different from the particle size of intact form. However, these findings could not be 
concluded that particle size reduction of trihydrate NF and pentahydrate NF were clearly 
seen after dehydration. Because the maximum magnitude of particle size reduction of 
trihydrate NF and pentahydrate NF were approximately 25 microns and 40 microns, 
respectively. In summary, thermal dehydration could not reduce the particle size to a 
significant level for both trihydrate NF and pentahydrate NF. 

Although thermal dehydration could not generate small particles of trihydrate NF 
and pentahydrate NF, the disruption of crystal took place as shown in SEM 
photomicrographs. Dehydration of trihyhydrates NF and pentahydrate NF with different 
steps of dehydration showed cracks on the surface of particles (Figures 32 - 35) but it could 
not promote the individually scattered small particles as seen in BDM. However, the defects 
seen on large particles may potentially generate small particles with the manipulation of 
only very mild mechanical force. For example, mild pulverizing of deammoniated 
methabarbital gave the small particle than intact methabarbital (Sekiguchi et al., 1984).  

The relationship between fraction reacted (α) and dehydration time (t) of trihydrate 
NF and pentahydrate NF are presented in Figures 36 and 37, respectively. In the case of 
trihydrate NF, the dehydration reaction may be separated in three steps due to unequal 
slopes whereas two different slopes were determined for the dehydration of pentahydrate 
NF. In term of model dependent kinetics, the Ea of each defined dehydration steps of 
trihydrate NF and pentahydrate NF are presented in Tables 6 and 7, respectively. Model 
dependent approach gave Ea of the dehydration of trihydrate NF of approximately 80 J/g, 
98 J/g and 94 J/g for first, second and third step of dehydration, respectively. These results 
revealed that the “rate” of dehydration of all three steps were considered to be temperature 
dependent and the magnitude of dehydration rate dependent on temperature were similar. 
Meanwhile model independent approach showed the value of Ea of 85-115 kJ/mol which 
are similar to the energy barriers of each step of dehydration (Figure 24). The Ea from 
model independent of trihydrate NF showed initial decrease and gradually increased at later 
step of dehydration. It indicated the reduction of energy barrier due to the partially disrupted 
structure. However, the structure integrity was regenerated at the later stage seen from an 
increase of Ea. Thus, destroyed structure of trihydrate NF during partial dehydration 
supported the particle size reduction even the stable structure later exists. For pentahydrate 
NF, model dependent showed Ea of dehydration at approximately 50 J/g, 70-90 J/g for early 
and later step of dehydration, respectively. These data were different from the data 
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obtained with trihydrate NF. It indicated that the magnitude of temperature dependency in 
early step was lower than that of the later step of dehydration. Thus, the rate of dehydration 
of pentahydrate NF at early phase changed did not depend wholly on the dehydration 
temperature was raised equally. On the other hand, the Ea of pentahydrate NF from model 
independent, 50 kJ/mol, was equal to the Ea obtained from the early step of dehydration by 

model dependent. Moreover, the pattern of the change of Ea over the α of 0.1 to 0.8 was 
negligible changed. It should provide the stable structure and unchanged particle size of 
pentahydrate NF after dehydration. However, the particle size reduction of pentahydrate NF 
experimentally occurred. Hence, it should have other controlled factors of the particle size 
reduction of pentahydrate NF upon heating.  
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Figure 32 SEM photomicrographs of dehydrated trihydrate NF during isothermal 
dehydration after the first dehydration step with respect to Tiso (left column at the 
magnification of 35, right column at the magnification of 3500) 
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Figure 33 SEM photomicrographs of dehydrated pentahydrate NF during isothermal 
dehydration after the first dehydration step with respect to Tiso(left column at the magnification 
of 35, right column at the magnification of 5000 except of 80°C at 3500) 
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Figure 34 SEM photomicrographs of dehydrated trihydrate NF during isothermal 
dehydration after the complete dehydration with respect to Tiso(left column at the 
magnification of 35, right column at the magnification of 3500) 
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Figure 35 SEM photomicrographs of dehydrated pentahydrate NF during isothermal 
dehydration after the complete dehydration with respect to Tiso (left column at the 
magnification of 35, right column at the magnification of 5000) 
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Figure 36 α-t curves during dehydration of trihydrate NF at different Tiso 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 37 α-t curves during dehydration of pentahydrate NF at different Tiso 
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Table 6 The activation energy of isothermal dehydration of trihydrate NF with various 
solid state kinetic models 

Ea (kJ/mol) 

Model equation 
First step of 
dehydration 

(0.10 to 0.30 of α) 

Second step of 
dehydration 

(0.40 to 0.70 of α) 

Third step of 
dehydration 

(0.93 to 0.97 of α) 
Avrami Eroféev 
1 dimensional 
2 dimensional 
Order reaction     
1st order 
Phase Boundary 
1 dimensional  

 
80.52 
79.74 

 
82.79 

 
81.77 

 
97.02 
97.66 

 
101.28 

 
97.71 

 
93.69 
93.75 

 
93.45 

 
94.80 

 
 
Table 7 The activation energy of isothermal dehydration of pentahydrate NF with various 
solid state kinetic models 

Ea (kJ/mol) 
Model equation First step of dehydration 

(0.20 to 0.80 of α) 

Second step of dehydration 

(0.93 to 0.97 of α)* 
Diffusion Controlled 

1 dimensional 
Phase Boundary 

1 dimensional 
2 dimensional 

 
51.21 

 
51.18 
51.38 

 
87.52 

 
88.66 
71.68 

* The values are calculated from the IDSC data of Tiso 85, 90 and 95 ºC   
 
The crystallographic data of materials are generally solved by SC-XRD and used as 

platform to evaluate and confirm the possibility of size reduction during thermal dehydration. 
In this study, hemipentahydrate NF, trihydrate NF and pentahydrate NF were generated 
with an inappropriate property to be tested by SC-XRD even several attempts were 
performed. To alternatively gain crystallographic data, XRPD was employed with the aid of 
specific software, PowderSolve®. Unfortunately, XRPD of all NF hydrates could not be 
indexed and did not provide valid lattice parameter. Therefore, it was not possible to 
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determine the NF hydrate structures. The lattice structures which will lead to the 
explanation of the possibility of particle size reduction via thermal dehydration of 
hemipentahydrate NF, trihydrate NF and pentahydrate NF was not achievable. 
 According to an ineffective process of particle size reduction by thermal dehydration 
of the stoichiometric NF hydrates, the relationship between the apparent particle size 
reduction energy and stoichiometry could not be established. However, dehydration energy 
of different stochiometric NF hydrates would be considered instead of the apparent energy 
for particle size reduction. The calculated total dehydration energy from IDSC of various NF 
hydrates (Tables 2, 4 and 5) were found to be lower than the enthalpy of dehydration 
obtained by regular non-isothermal DSC (NIDSC) in Figure 38. It may be due to the 
condition of IDSC that generated temperature shift (from ambient temperature to the 
desired dehydration temperature) before the signal of IDSC was recorded. The energy loss 
during the initial temperature adjustment of NF hydrate samples by IDSC were determined 
as a function of dehydration temperature in conjunction with NIDSC at a heating rate of    
10 ºC/min prior to IDSC measurements (Figure 39). The initial energy calculation during 
initial NIDSC portion was obtained from the AUC starting at point X to point A as seen in 
Figure 39. The initial energy loss during heating of hemipentahydrate NF was 96.75, 
101.70, 120.11 and 137.56 J/g at 80, 85, 90 and 95 °C, respectively. When the initial 
energy loss were added to the dehydration energy calculated from IDSC at each 
dehydration temperature, the total energy were in the range of 380-415 J/g and found to be 
close to the enthalpy of dehydration of hemipentahydrate NF obtained by regular NIDSC 
which was 408.79 J/g (Figure 38). For trihydrate NF, the initial energy loss were 87.01, 
107.11, 120.16 and 133.25 at 80, 85, 90 and 95 °C, respectively while they were 101.66, 
118.53, 137.93 and 151.60 at 80, 85, 90 and 95 °C, respectively for pentahydrate NF. The 
sum between the initial energy loss and calculated total dehydration energy from IDSC 
were 540-570 and 520-600 J/g for trihydrate NF and pentahydrate NF. These results were 
similar to the total enthalpy of dehydration from regular NIDSC of trihydrate NF (557.95 J/g) 
and pentahydrate NF (614.65 J/g). Thus, it should be reminded that IDSC method for the 
determination of dehydration energy of NF hydrates would lack the initial portion of the total 
dehydration energy. However, the dehydration energy from IDSC could preliminary be used 
to roughly evaluate the relationship between the stoichiometry of hydrates and required 
energy for dehydration.  
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Figure 38 The regular non isothermal DSC (NIDSC) thermograms of some NF hydrates at 
the heating rate of 10 °C /min 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 39 Model of NIDSC thermogram (X to A) before IDSC thermorgram (A to C) of NF 
hydrate during isothermal dehydration   
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The relationship between the stoichiometry of NF hydrates and total dehydration 

energy used from IDSC is presented in Figure 40. Hemipentahydrate NF showed the lowest 
dehydration energy that followed the theoretical basis of chemical dehydration. Dehydration 
energy should be lower for the lower stoichiomtry of the same hydrate compound. It is due 
to a less number of binding forces (particularly hydrogen bonds) between water molecules 
and the active moiety in the hydrated structure. However, dehydration energy of trihydrate 
NF was found not to be different than the pentahydrate NF. This result did not obey the 
general basis of dehydration as described above. This may be due to the lost of initial 
dehydration energy which was not accounted for by IDSC as discussed earlier. If the total 
energy, obtained by the regular NIDSC experiments were plotted against stoichiometry of 
NF hydrates, the relationship was found to be correlated to the energy and stoichiometry 
assumption of linearity more than when IDSC was used alone (Figure 40(open circle)). 
However, through this evaluation, the total dehydration energy of the pentahydrate NF was 
not critically higher than that of the trihydrate NF as was assumed if linearity was achieved. 
Another aspect to consider for dehydration of hydrates was regarding the types of hydrogen 
bonding in the hydrated structure. The shorter hydrogen bonds theoretically give stronger 
binding force and need more energy to break down (Jeffrey, 1997). This concept may 
explain the similarity of dehydration energy between lower stoichiometric trihydrate NF to 
the higher stoichiometric pentahydrate NF. However, this is only an assumption of this issue 
due to the crystallographic data of NF hydrates were not possible to be elucidated at this 
time.   

Another factor which may govern the accurate calculation of the total dehydration 
energy is the positioning of water molecules within the crystal lattice. The model NF 
hydrates used in this study may have several sites for water molecules to reside. Thus, 
dehydration occurred in several steps and may lead to inaccurate calculation of energy for 
dehydration. A future good model proposed for the methods used in this experiment to 
prove the correlation of dehydration energy to the stoichiometry should have only one lattice 
site for water molecules to reside no matter what the stoichiometry should be.  
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Figure 40 The relationship between stoichiometry and dehydration energy of NF hydrates 
obtained by different calculation methods (  IDSC method alone,  regular NIDSC) 
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Isothermal Dehydration of Dihydrate NF 

 Due to a difficulty in the reproducible production of dihydrate NF, the amount of 
dihydrate NF was very limited. Therefore, this study could not be performed with a typical 
IDSC as described in the experimental method section due to limited amount of sample. 
Thermo microscopy was alternatively chosen as preliminary investigation on the particle 
size reduction via thermal dehydration. Single particle of dihydrate NF was placed on glass 
slide over heating station of hot stage (HSM) without immersing oil under different Tiso. The 
tiso was applied of up to 6 hours.  
 HSM results revealed that dihydrate NF lost an anisotropic property with respect to 
heating time at every Tiso. Disappearance of anisotropy was seen from the development of 
opaque region from outer part towards the inner core of the crystal (Figure 41). The 
unilluminated phase of dihydrate NF was found to be due to a dehydration process during 
molecular rearrangement in the crystal lattice (Byrn et al., 1999). Thus, the dehydration time 
was directly proportional to the time used to obtain total unilluminated phase. The results 

showed the time for total unilluminated phase at 80 °C and 85 °C were approximately 10 

mins and at 90 °C and 95 °C were approximately 5 mins. The higher Tiso resulted in 
shorter dehydration time. The small particle of dehydrated dihydrate NF was not generated 
at every Tiso used. However, SEM of all heated dihydrate NF only showed cracks around 
external surface of the crystal (Figure 42). Thermal dehydration could not destroy dihydrate 
NF particle, the structural arrangement was stable even after all the water molecules were 
removed and could not damage the dihydrate NF to a small particle of anhydrous NF. 
 
 
 
 
 



 

 
 
 
 
 
 
 
 

 

                                                                                                                                                                                                                               

 

 

 

 

 

 

 

 

 

Figure 41 Photomicrographs of dihydrate NF during isothermal dehydration at various Tiso as a function of heating time  
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Figure 42 SEM photomicrographs of dihydrate NF after 360 mins of isothermal dehydration 

with respect to different Tiso. (A and B – intact dihydrate NF, C and D – 80 °C of isothermal 

dehydration, E and F - 85°C of isothermal dehydration) 
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Figure 42 (cont.) SEM photomicrographs of dihydrate NF after 360 mins of isothermal 

dehydration with respect to different Tiso. (A and B – intact dihydrate NF, C and D – 90 °C 

of isothermal dehydration, E and F - 95°C of isothermal dehydration) 
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Explanation of unchanged particle size of dihydrate NF during thermal dehydration 

of two molecules of crystalline waters was of great interest. The single crystal structure of 
dihydrate NF has already been resolved (Florence et al. (2000)). Hydrogen bond acted as 
dominant bonding for NF amidst water in the crystal lattice. An atomic position of NF and 
waters in the dihydrate structure is shown in Figure 43. There were five hydrogen bonds in 
dihydrate NF that played a major role to stabilize the crystalline water in the dihydrate 
structure (Figure 44). The hydrogen bonds in dihydrate NF structure were moderate 
hydrogen bonding. Two hydrogen bonds were moderate to strong bonding while the other 
three bonds were moderate to weak bonding (Table 8). The primary water molecule (O1) 
connected to two NF moieties with two moderate to weak hydrogen bonds and also bound 
to the secondary water (O2) with a moderate to weak hydrogen bond. The secondary water 
molecule (O2) directly connected to two molecules of NF with moderate to strong hydrogen 
bonds and acted as a main barrier on dehydration. It showed that the second water of 
crystallization molecule was bound to NF moiety stronger than the primary water. In 
addition, DSC thermogram of dihydrate NF was shown to have two consecutive 
endotherms. It was assumed that the primary water molecule was theoretically removed 
from the dihydrate structure before the secondary water molecule. However, these two 
events for liberating the water molecules could not be distinctly separated. The water tunnel 
in dihydrate NF structure was also observed. It showed only one open-end tunnel along the 
c axis that allowed the easy removal of water molecule (Figure 45).  
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Figure 43 The atomic positions of NF moiety and water of crystallization molecules of 
dihydrate NF 
 
 
 

 

 

 
 
 
 
 
 
 
 
Figure 44 The hydrogen bonding in crystal lattice of dihydrate NF structure  
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Table 8 The hydrogen bond positions and molecular property in dihydrate NF crystal 
structure from crystallographic data   
 

Bond 

definition 

Hydrogen bond 

position 

Bond 

length (Å) 

Bond 

angle(°) 

Type of 

hydrogen bond 

      

     A----B      

     H-A 

     H----B  

 

     A----B     

     H-A 

     H----B 

 

     A----B      

     H-A 

     H----B  

 

A----B 

     H-A 

     H----B 

 

A----B 

     H-A 

     H----B 

O(1W)-H(1W2)-O(32) 

O(1W)-O(32) 

O(1W)-H(1W2) 

H(1W2)-O(32) 

O(1W)-H(1W1)-O(32) 

O(1W)-O(32) 

O(1W)-H(1W1) 

H(1W1)-O(32) 

O(1W)-H(2W1)-O(2W) 

O(1W)-O(2W) 

O(1W)-H(2W1) 

H(2W1)-O(2W) 

O(2W)-H(2W2)-O(31) 

O(2W)-O(31) 

O(2W)-H(2W2) 

H(2W2)-O(31) 

O(2W)-H(842)-N(84) 

O(2W)-O(2W) 

O(2W)-H(842) 

H(842)-N(84) 

 

2.865 

0.896 

1.974 

 

2.986 

0.950 

2.064 

 

2.783 

0.880 

1.966 

 

2.625 

0.967 

1.668 

 

2.712 

1.040 

1.684 

 

172.58 

 

 

 

163.24 

 

 

 

153.81 

 

 

 

169.81 

 

 

 

169.26 

 

Moderate to 

weak 

 

 

Moderate to 

Weak 

 

 

Moderate to 

weak 

 

 

Moderate to 

strong 

 

 

Moderate to 

strong 
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Figure 45 The crystallographic arrangement of water channel in dihydrate NF structure 
along different unit cell axis (free red dots are crystalline water).  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

c axis 
 
Figure 45 (cont.) The crystallographic arrangement of water channel in dihydrate NF 
structure along different unit cell axis (free red dots are crystalline water) 
 

In addition, the concept of the compactness of solvent packing or Kchan was also 
considered (Perlovich et al., 1996 and 1998). The more compact the crystal packing, the 
higher the Kchan value and resulted in the difficulty of dehydration. The crystallographic data 
of NF dihydrate were reported by Florence et al. (2000) and was generated from our 
experiment. Z value and unit cell volume of NF dihydrate structure are 4 and 1604.8 Å3, 
respectively (Table 9). On the other hand, the essential data for the calculation of Kchan was 
a unit cell volume of the anhydrous NF Form A which was never reported elsewhere. There 
were two methods to obtain this data. The first method, a perfect crystal of anhydrous NF 
must be generated and resolved by single crystal X-ray diffractometry. Several attempts to 
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generate suitable crystal of anhydrous NF Form A were performed in this experiment but 
it was not successful. An alternative method was to employ the XRPD data. Software for 
crystal structure elucidation “PowderSolve®” under the license of Material Studio®, was used 
to elucidate the best possible anhydrous NF Form A crystal structure. 
 
Table 9 Crystal data of dihydrate NF 

Crystal data Dihydrate NF 
Empirical formula 
Molecular weight 
Space group 
 
a (Å) 
b (Å) 
c (Å) 
β 
crystal cell volume (Å3) 
Z 

C16H18FN3O3.2H2O 
355.34 

Monoclinic  
P21/C 
8.2835 
21.7276 
9.5436 
110.886 
1604.8 

4 
    

The first step of elucidation was the indexing of the unit cell with “Powder Indexing 
Program” by high quality XRPD pattern as an input data (Appendix D) and refined the 
simulated unit cell by “Powder Refinement Program”. Finally, the PowderSolve® program 
was employed at the final stage of crystal structure elucidation. In this experiment, Powder 
Indexing and Powder Refinement programs generated different possible unit cells with 
different space group as seen in Table 10. However, these data could not be finalized by 
PowderSolve® program to generate only one accurate crystal structure of anhydrous NF 
Form A. Although the single correct crystal structure of anhydrous NF Form A was not 
obtained, the unit cell volume from Powder Indexing program could be used to roughly 
determine the Kchan of dihydrate NF. Powder Indexing program generated the several space 
groups with different unit cell volumes, the higher figure of merit (FOM) of the result from 
indexing generally indicated the more accurate unit cell data. From Table 10, the monoclinic 
space group with unit cell volume of 3682.59 Å3 had a highest FOM. However, it was larger 
than the unit cell volume of dihydrate NF (1604.8 Å3). In general, the unit cell volume of the 
anhydrous structure should be lower than the unit cell volume of the hydrated structure. 
Thus, the monoclinic space group with highest FOM was not used for the determination of 
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Kchan. The other results obtained by indexing, the four triclinic structures, showed high 
FOM with lower unit cell volume when compared to the unit cell volume of the dihydrate 
NF. These unit cell volume values were employed as representatives for possible 
anhydrous NF Form A unit cell volume. 

The Kchan of dihydrate NF were calculated based on the unit cell volume of 
anhydrous NF Form A with the triclinic space group and are presented in Table 10. The 
estimated Kchan of dihydrate NF were in the range of 0.3368-0.6780. It was higher than 
those of risedronate sodium hemipentahydrate (equal to 0.1370) (Lester et al., 2006) and 
beclomethasone dipropionate monohydrate (equal to 0.1663). These results indicated that 
water of crystallization in dihydrate NF structure occupied the void space of around 33% to 
68%. There was less free volume to allow for water mobility. Furthermore, a more close 
packing induced a strong hydrogen bonding between water and active species and led to 
higher bonding energy. Therefore, high value of Kchan in dihydrate NF supported the stability 
of crystal lattice during dehydration. In conclusion the main reason for dihydrate NF to 
retain the crystal size after dehydration largely depends on  

1. The structure of dehydrated NF composed of moderate to strong 
hydrogen bonds 

2. There was only one direction of water tunnel  
3. The high compactness of solvent packing (Kchan).  
Thus, the opportunity for the structure to collapse after dehydration and eventually 

led to significantly smaller particles of dihydrate NF was unlikely and the apparent particle 
size reduction energy was impossible to calculate.  
 

 
 
 
 



 

 

Table 10 Crystallographic data of anhydrous NF Form A obtained from Powder Indexing program of MATERIAL STUDIO® software simulated with 
XRPD data 
 

Unit cell  Figure of Merit 
(FOM) 

Kchan of 
dihydrate NF 

Peak Used* 

system a (Å) b (Å) c (Å) α (º) β (º) γ (º) Volume (Å3) 

1 2.20 - 22 of 22 Monoclinic 21.13912 15.69688 13.03046 90 121.60200 90 3682.59 

2 2.00 0.3368 22 of 22 Triclinic 18.75665 12.96237 7.23957 126.21100 92.06500 101.24500 1367.25 

3 2.10 0.5878 23 of 23 Triclinic 20.72207 12.81180 7.80562 125.57900 114.38100 88.58800 1468.71 

4 1.90 0.3834 22 of 22 Triclinic 20.08745 12.87875 7.25269 55.86900 107.98300 115.49700 1396.15 

5 1.70 0.6780 23 of 23 Triclinic 18.42371 10.54013 8.02520 75.16900 93.56300 99.18300 1486.81 

6 1.50 - 22 of 22 Monoclinic 31.18705 4.15313 29.05046 90 106.36700 90 3610.24 

 

* The list of peaks used for indexing (Appendix D)  

 
 
 
 



 
บทที่ 4 

 
CONCLUSIONS 

 
 NF hydrates, was obtained from different methods. Different stoichiometry NF 
hydrates (dihydrate NF, hemipentahydrate NF, trihydrate NF and pentahdrate NF) were 
generated. Dehydration with desiccant of the pentahydrate NF resulted in the disordered 
NF, a new hydrated phase which has not been reported elsewhere. The levels of 
environmental moisture and temperature greatly affected the transformation of not only the 
anhydrous NF Form A but also the other stoichiometric hydrates. However, the reduction of 
moisture in an environment was less effective in removing crystalline water of NF hydrates.  
 The thermal dehydration behavior of hemipentahydrate NF, trihydrate NF and 
pentahydrate NF found to be complex and composed of at least two steps of dehydration. 
Unclear dehydration stages were found in the dehydration of hemipentahydrate NF whereas 
clear steps of dehydration were detected after thermal dehydration of trihydrate NF and 
pentahydrate NF. An incomplete dehydration of hemipentahydrate NF, trihydrate NF and 
pentahydrate NF generated the mixture of hydrated transitional phase and the anhydrous 
NF form A. However, the pure anhydrous NF Form A was found after the complete 
dehydration of the above three NF hydrates. Thermal dehydration induced only minor 
particle size reduction of hemipentahydrate NF, trihydrate NF and pentahydrate NF when 
statistically determined. However, when observed visually by SEM, thermal dehydration did 
not induce particle size reduction to the extent seen with BDM. Dehydration energy of 
different stoichiometry of NF hydrates obtained by regular NIDSC correlated well with the 
general conclusion that less energy of dehydration was required for the lower stoichiometric 
hydrates. However, the dehydration energy of trihydrate NF and pentahydrate NF were 
within the same range. It may be due to the location of water molecules and the strength of 
hydrogen bonding within the crystal lattice. The Ea of every NF hydrates obtained from solid 
state kinetic were positive and signified the temperature dependency of the rate of 
dehydration. 

The total dehydration energy of NF hydrates were higher than the energy required 
for beclomethasone dipropionate monohydrate (Chinapak  2000). It was due to the higher 
bonding energy between crystalline water and NF molecules and the more compact 
structures with minimal void volume. Thus, the NF hydrates retained their structures after 
dehydration and resulted in an unchanged particle size. Conclusively, dehydration energy 
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and crystal structure void volume after dehydration are two of the factors which may be 
used and compared to the reference materials (risedronate sodium hemipentahydrate and 
beclomethasone dipropionate monohydrate) to preliminary determine the possibility of 
particle size reduction of hydrated structures.   

The preliminary guideline for choosing organic hydrates for the particle size 
reduction via thermal dehydration was proposed. The most important factor was the 
compactness of crystal structure of hydrates. The hydrates with low Kchan should provide a 
high feasibility on structural collapse after dehydration due to more fragile anhydrous crystal 
structures. In addition, the directions of water channel or tunnel also played a key role on 
dehydration. The more directions of open-end water channel the higher dehydration rate. In 
term of binding forces between active moiety and crystalline water, hydrogen bonding is the 
fundamental attachment force in lattice structure of most hydrates. The number and 
strength of hydrogen bond indicates the dehydration possibility. After suitable hydrate model 
was selected, the recommended experiment for the particle size reduction via thermal 
dehydration should be performed. Isothermally dehydrated samples are evaluated for the 
particle size including solid state chemistry. Finally, one should be able to calculate the 
apparent particle size reduction energy and the total dehydration energy which are useful 
as reference values for future dehydration studies. 
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APPENDIX A 

 

SI-HPLC 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Comparative HPLC chromatograms of standard NF with methyl paraben (MP) as internal 

standard by SI-HPLC method. (* degradant from oxidative reaction and • degradant from 
basic reaction) 
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APPENDIX B 

THE RATE LAW 
 

Classical chemical reaction of desolvation pharmaceutically follows the reaction 
schemes below: 

( ) ( ) ( )gSS CBA +⎯→⎯  

 
So the rate of reaction usually declares as a function of the concentration of 

reactant or products. It should be derived as follows. 
 

[ ] [ ] [ ]
dt
Cd

dt
Bd

dt
AdRate −=−==  

 
In general, rate of reaction, k, is commonly monitored with respect to the decrease 

of reactant or the increase of product in term of amount or concentration. Thus, it will be 
presents here.    

 
[ ] [ ] [ ]( ) [ ] [ ]( )nCAkBAkAkRate 0

n
0

n −=−=−=  

 
Where A0 is initial concentration of A and n is order of reaction. 
 

In the case of desolvation, liberated gas is carried out from the system and made 
the [C] became to zero. If unimolecular reaction, n is 1, is considered. By following the 
reactant point of view, the rate would be illustrated as 

 
[ ] [ ]Ak
dt
AdRate −==  

 
By intergration  

[ ]
[ ] kt
A
Aln

0

=−  
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Solid state kinetics will be observed the progress of reaction by describing the fraction of 
conversion (α) instead of the reaction concentration. The rate is hence transformed based 
on above relation and expressed as  

( )α1k
dt
dαRate −==  

then be integrated as 
( ) ktα1ln =−−  

In addition, unlike solution state, solid state kinetics should be varied depend on 
several factors. It can be commonly illustrated as 

( )αkf
dt
dα

=  

and  
( ) ktαg =  

where f(α) is the differential reaction model and g(α) is the integral reaction model. 
  

The temperature dependence of the rate constant (k) is normally described by the 
Arrhenius relationship. 

RT
Ea

Aek
−

=  
 

where A is the frequency factor, Ea is activation energy, R is the gas constant and T is 
absolute temperature.  Combining above equations yield the relationship below.   
 

( )αfAe
dt
dα RT

Ea−
=  

and  

( ) tAeαg RT
Ea−

=  
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APPENDIX C 

SOLID STATE KINETIC EQUATION  
(Byrn et al., 1999; Dong et al., 2002) 

 
Model      Mechanism 

[ ] ktα)ln(1 2
1
=−−  One-dimensional growth of nuclei (Avrami-Erofe'ev equation, n=2) 

[ ] ktα)ln(1 3
1
=−−  Two-dimensional growth of nuclei (Avrami-Erofe'ev equation, n=3) 

[ ] ktα)ln(1 4
1
=−−  Three-dimensional growth of nuclei (Avrami-Erofe'ev equation, n=4) 

ktα 2 =   One-dimensional diffusion 

ktαα)α)ln(1(1 =+−−  Two-dimensional diffusion 

kt)α)(1(1 23
1

=−−  Three-dimensional diffusion (Jander equation) 

ktα)(1α
3
21 3

2

=−−−  Three-dimensional diffusion (Ginstling-Brounshtein equation) 

ktα)ln(1 =−−   First order reaction (Mampel) 

kt1
α)(1

1
=−

−
  Second order reaction 

kt1
α)(1

1
2
1

2 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

−
  Third order reaction 

kt1
α)(1

1
3
1

3 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

−
  Fourth order reaction 

kt
α)(1

αln =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

  Random nucleation (Prout-Tompkins equation) 

ktα 2
1

=    Power law (n=1/2) 

ktα 3
1

=    Power law (n=1/3) 

ktα 4
1

=   Power law (n=1/4) 

ktα =    One-dimensional phase boundary reaction (zero-order mechanism) 

ktα)(11 2
1

=−−  Two-dimensional phase boundary reaction (contracting cylinder) 

ktα)(11 3
1

=−−  Three-dimensional phase boundary reaction (contracting sphere) 
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APPENDIX D 

List of Peaks Used for Indexing 
 
 

Group of 22 peaks Group of 23 peaks 

4.855                                 
8.810 
9.770 
11.360 
12.290 
14.840 
15.995 
18.680 
19.725 
20.560 
21.420 
21.835                                
22.580 
24.775                                
26.335 
27.660 
29.003 
30.235 
30.840 
32.282 
33.230 
34.493 

4.855 
8.810 
9.770 
11.360 
12.290 
14.840 
15.995 
18.680 
19.725 
20.560 
21.420 
21.835 
22.580 
24.222 
24.775 
26.335 
27.660 
29.003 
30.235 
30.840                                
32.282 
33.230                                
34.493 

 
 
 
 
 
 



 82
High refined XRPD of anhydrous NF Form A  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 
บทที่ 5 

 
ขอเสนอแนะสําหรับงานวจิัยในอนาคต 

 
The most important factor for choosing organic hydrates for the particle size 

reduction via thermal dehydration was the compactness of crystal structure of hydrates. The 
hydrates with low Kchan should provide a high feasibility on structural collapse after 
dehydration due to more fragile anhydrous crystal structures. In addition, the directions of 
water channel or tunnel also played a key role on dehydration. The more directions of 
open-end water channel the higher dehydration rate. In term of binding forces between 
active moiety and crystalline water, hydrogen bonding is the fundamental attachment force 
in lattice structure of most hydrates. The number and strength of hydrogen bond indicates 
the dehydration possibility. After suitable hydrate model was selected, the recommended 
experiment for the particle size reduction via thermal dehydration should be performed. 
Isothermally dehydrated samples are evaluated for the particle size including solid state 
chemistry. Finally, one should be able to calculate the apparent particle size reduction 
energy and the total dehydration energy which are useful as reference values for future 
dehydration studies. 
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ABSTRACT: This work is focused on characterizing and evaluating the solid state
interconversion of norfloxacin (NF) hydrates. Four stoichiometric NF hydrates, dihy-
drate, hemipentahydrate, trihydrate, pentahydrate and a disordered NF state, were
generated by various methods and characterized by X-ray powder diffractometry
(XRPD), thermal analysis and Karl Fisher titrimetry. XRPD patterns of all NF hydrates
exhibited crystalline structures. NF hydrate conversion was studied with respect tomild
elevated temperature and various degrees of moisture levels. NF hydrates transformed
to anhydrous NF Form A after gentle heating at 608C for 48 h except dihydrate and
trihydrate where mixture in XRPD patterns between anhydrous NF Form A and former
structures existed. Desiccation of NF hydrates at 0% RH for 7 days resulted in only
partial removal of water molecules from the hydrated structures. The hydrated transi-
tional phase and the disorderedNF statewere obtained from the incomplete dehydration
of NF hydrates after thermal treatment and pentahydrate NF after desiccation, respec-
tively. Anhydrous NF Form A and NF hydrates transformed to pentahydrate NF when
exposed to high moisture environment except dihydrate. In conclusion, surrounding
moisture levels, temperatures and the duration of exposure strongly influenced
the interconversion pathways and stoichiometry of anhydrous NF and its hydrates.
� 2007 Wiley-Liss, Inc. and the American Pharmacists Association J Pharm Sci
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INTRODUCTION

Norfloxacin (NF) is a 4-fluoroquinolone antibac-
terial agent that has been widely used to treat
various infectious diseases such as urinary tract
infections, upper respiratory tract infections, bone
and joint infections and sexually transmitted
diseases. It has a powerful activity against aerobic
gram-negative bacteria with less potential to kill
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gram-positive bacteria.1 Several research publi-
cations have indicated that NF has a potential to
form various solid state forms especially hydrates.
Two forms of anhydrous state, Form A and B,
were discovered and recently found to be enantio-
tropic.2,3 Meanwhile, amorphous state was also
generated and characterized.2 Moreover, at least
six hydrate forms of NF were reported but
not characterized for its complete interconversion,
that is, hemihydrate, sesquihydrate, dihydrate,
trihydrate, hemipentahydrate, and pentahy-
drate.4–9 Variable-temperature Fourier Trans-
formed Infrared Spectroscopy (FT-IR) is used to
monitor the transformation between anhydrous
JOURNAL OF PHARMACEUTICAL SCIENCES 1



2 CHONGCHAROEN, BYRN, AND SUTANTHAVIBUL
and hydrate forms.10 The IR spectra of anhydrous
form show a shift of the carboxylate anion
(unprotonated form) peak to the protonated
carboxylic peak after heating. In addition,
the NHþ

3 peak is also shifted to NH2 peak position
synchronously. This is due to the zwitterionic
property of NF molecules at the carboxylic func-
tional group and the piperazine ring. Thus, the
hydrated forms may result in a more highly
charged molecule and could be easily hydrated
with water than the uncharged anhydrous NF
form. This may in turn increase dissolution rate of
solid dosage forms. Yuasa et al.9 reported that
hemipentahydrate NF had a dissolution rate
similar to pentahydrate NF which was signifi-
cantly higher than anhydrous NF. However, these
three different solid forms did not show any
significant difference in bioavailability.9

Various hydrate forms often have different
physicochemical properties and enormously affect
the pharmaceutical manufacturing processes in-
cluding dosage form performances.11–13 The
different anhydrate and hydrate forms of magne-
sium stearate exhibit variation in lubrication
efficiency due to dissimilarity of crystal lattice
arrangement, particularly the spacing of lattice
which is dependent on hydration state.11 In
addition, the path of conversion between anhy-
drate and hydrate of magnesium stearate was also
reported and demonstrated that their transforma-
tion occurred in the condition encountered during
pharmaceutical manufacturing.14 Therefore, to
define suitable processing parameters for magne-
sium stearate with maximum lubricating power,
the data of solid state conversion pathway is
required. On the dosage form performance point
of view, the conversion between dihydrate and
anhydrous forms of carbamazepine was exten-
sively investigated. Kobayashi et al.15 and Ono
et al.16 reported that anhydrous carbamazepine is
converted to dihydrate upon hydration while
dihydrate is transformed to anhydrous during
heating. The dihydrate carbamazepine is shown
to have lower intrinsic dissolution rate leading to
lower bioavailability compared with anhydrous
forms. Thus, the path of conversion of a solid drug
substance must be fully understood in order
to formulate a solid dosage form with stabilized
desired solid structure and to ensure optimal
therapeutic efficacy.

In the case of NF, previous studies have shown
that anhydrous NF was converted to undefined
NF hydrate due to exposure to moisture during
tablet manufacturing and storage. This conver-
JOURNAL OF PHARMACEUTICAL SCIENCES
sion had a significant impact on the dosage form
performance of NF tablet.17,18 The dissolution
profile of moisture treated NF tablet is higher
than that of original NF tablet. Due to the fact that
NF is able to exist as more than one hydrate form,
it is very important to investigate the complete
paths of conversion among possible hydrates
eventhough incomplete evidence about the
paths of conversion of NF have been previously
reported.9 Hence, the aim of this study was to
extensively explore and fully gather information
on the interconversion phenomena of anhydrous
NF and different NF hydrate produced.
EXPERIMENTAL SECTION

Materials

Norfloxacin (anhydrous) Form A was purchased
from Sigma–Aldrich (St. Louis, MO). Isopropanol
(IPA), acetone and dichloromethane were analy-
tical grade reagents from Mallinkrodt Chemicals
(Phillipsburg, NJ). Ammonium hydroxide (J.T.
Baker, Phillipsburg, NJ), hydrogen peroxide, 30%
w/v (PanReac, Barcelona, Spain), ortho-phosphoric
acid (Univar, Seven Mills, Australia) was used.
Salts for preparing saturated solution to provide
different % relative humidities (% RH) were
obtained from Unilab, Australia. Anhydrous
calcium sulfate (Drierite, Xenia, OH1) was used
as the desiccant. Double distilled water was
employed throughout this study.
Preparation of NF Hydrates

Dihydrate NF

NF Form A was dissolved in a mixture of IPA and
water (0.915 mol fraction of IPA) at 608C in a light
resistant container. The final NF concentration
was equal to 1.5 mg/mL. The clear solution was
allowed to cool down and left undisturbed at
ambient condition to facilitate recrystallization.
The resultant crystalline powder was harvested
and kept in a tight and light-resistant container.

Trihydrate NF

Preparation of trihydrate NF was modified from
the method reported by Puechagut et al.7 Anhy-
drous NF Form A was dissolved in 20% w/v
aqueous ammonia solution to give a final clear
solution at a concentration of 17.5 mg/mL.
Antisolvent was obtained by mixing 564 mL of
acetone and 156 mL of dichloromethane. The
DOI 10.1002/jps



SOLID STATE INTERCONVERSION OF NORFLOXACIN HYDRATES 3
aqueous ammonia NF solution of 68.5 mL was
gradually poured into antisolvent with continuous
agitation. White and fluffy precipitates were
developed and harvested. Dichloromethane was
used to wash the resultant precipitates. The
product was then placed in the drying oven at
508C for approximately 1 h to remove residual
solvents.

Hemipentahydrate and Pentahydrate NF

Hemipentahydrate and pentahydrate NF were
prepared by hydration of anhydrous NF Form A
at specified % RH level. Anhydrous NF Form A
was placed under 75% RH and 100% RH at
ambient temperature for 1 week to yield hemi-
pentahydrate and pentahydrate, respectively.5,9

Additionally, pentahydrate was also prepared by
suspending anhydrous NF Form A in excess
amount of double distilled water with continuous
stirring. Dispersed solid was filtered and dried at
ambient condition.
Solid State Characterization of NF hydrates

Thermal Analysis

The thermal properties of NF crystalline hydrates
were evaluated usingDSC 822e (Mettler Toledo,
Zurich, Switzerland) with STARe software. Sam-
ple (5 mg) in an aluminum pan with one pinhole
was evaluated from 30 to 2308C at a scanning rate
of 108C/min under nitrogen purge at 60 mL/min.
TGA/SDTA 851e (Mettler Toledo) was employed to
investigate the liberation of volatile substance.
The TGA operating conditions were the same as
those used in the DSC study.

Hot Stage Microscopy (HSM)

Hot stage FP90 (Mettler Toledo) equipped with
optical microscope Eclipse, E2000 (Nikon, Japan)
was employed to visually evaluate solvates
or hydrates.19 Heating rate and temperature
range were 108C/min and 30–2408C, respectively.
A small amount of sample was initially suspended
in mineral oil and placed on a glass slide before
being fixed on to the heating station. The
liberation of gas bubbles at specified temperature
was observed and recorded.

Karl Fischer Titrimetry (KF)

The water contents of NF hydrates were moni-
tored using 720 KFS Titrino and 703 Ti Stand
DOI 10.1002/jps
(Metrohm,Heraisu, Switzerland). Due to low solu-
bility of NF hydrates in methanol, heating oven
(KF 707; Metrohm) was selected as an additional
attachment. Approximately 50 mg of the sample
was inserted into the heating oven. The oven
temperature of 1608C was gradually increased to
initiate the evaporation of watermolecules. Water
vapor was carried by dried nitrogen gas to react
with KF reagents in the titration vessel where
water contents were finally quantified.

X-Ray Powder Diffraction (XRPD)

X-ray powder diffractometry was done using D500
diffractometer (Siemens, Karlsruhe, Germany)
equipped with CuKa radiation at 40 kV and
20 mA. Samples were measured at a step size of
0.0482u with a scan speed 582u/min from 58 to
3582u.

Fourier Transformed Infrared Spectroscopy (FT-IR)

ATR FT-IR model Spectrum One1 (Perkin–
Elmer, Shelton, CT) was employed to observe
the changes in peak positions between anhydrous
NF andNF hydrates. The samples were triturated
and gently ground with dried potassium bromide
in an agate mortar. The spectra were recorded as
percent transmittance (%T) with respect to
wavenumber in the range of 450 to 4000 cm�1.

Stability Indicating High Performance
Liquid Chromatography (SI-HPLC)

SI-HPLC method was modified from the method
used by Cordoba-Borrego et al.20 HPLC (LC 10-
ADvP, Shimadzu, Japan) equipped with Hypersil
BDS-C18 column in conjunction with C18-guard
column was used. The mobile phase comprised of
0.1% v/v aqueous o-phosphoric acid:acetonitrile at
volume ratio of 70:30. The flow rate was equal to
1 mL/min. UV detection was carried out at 278 nm.
Degradation product of NF was prepared by
dispersing NF in 30%w/v hydrogen peroxide in
clear glass vial and was exposed to light and heat
(808C) in an oven up to 8 h. In addition, forced
degradation in basic environment condition was
evaluated according to themethod used to prepare
trihydrate NF. Small amount of anhydrous NF
was added to 20% w/v aqueous ammonia solution
and heated at 808C to initiate degradation.

Scanning Electron Microscopy (SEM)

The morphology of sample was recorded with a
JSM-5410LV (JEOL, Tokyo, Japan) at 15 kV. The
sample was carefully attached on the metal stub.
JOURNAL OF PHARMACEUTICAL SCIENCES



4 CHONGCHAROEN, BYRN, AND SUTANTHAVIBUL
It was then coated with gold by Sputter coater
SCD040 (Balzers, Liechtenstein) for 3 min at
0.05 mbar, 15 mAwith a working distance of 5 cm.
Solid State Interconversion of NF Hydrate

In an attempt to explore the interconversion
pathways among NF hydrates and the anhydrous
form, specific conditions were identified. Tem-
perature and surrounding % RH were of main
interest.
Effect of Relative Humidity on the Conversion
of NF Anhydrous and NF Hydrates

The effect of % RH on the conversion of anhydrous
NF Form A was evaluated. Preliminary study on
sorption and desorption behaviors of anhydrous
phase was investigated by dynamic vapor sorption
(DVS) using symmetrical gravimetric analyzer
(SGA-100, VTI Corporation, Hialeah, FL). Fifteen
milligrams of anhydrous NF Form A was dried in
a vacuum at 258C for 6 h to minimize traces of
surface associated water. Isothermic equilibrium
condition of the cycle was 0.01% w/w within
15 min with a maximum step time of 75 min.
The step change of % RH in both sorption and
desorption phase were 5% RH/step. The change in
sample weight against % RH was recorded.

Due to limited amounts of the samples obtained
by DVS experiments, the sample at each equili-
brium % RH was not sufficient to be collected in
order to monitor for their solid state character-
istics by XRPD. Thus, larger amounts of NF
samples were exposed to specific moisture levels.
The generation of various%RH in an air tight and
light resistant container was made by using
saturated solutions of lithium chloride (11.3%
RH), magnesium chloride (32.8% RH), potassium
carbonate (43% RH), sodium bromide (57.5% RH),
sodium chloride (75% RH), potassium bromide
(81% RH), potassium chloride (84% RH), dextrose
monohydrate (87% RH), potassium nitrate (93.7%
RH), and purified water (100% RH) at 258C.21,22

The drug was exposed to each relative humidity
for 7 days before being characterized.

The preliminary results obtained by DVS and
relative humidity exposures, indicated that phase
transformation of anhydrous NF Form A to
various stoichiometric hydrates occurred. Thus,
every stoichiometric NF hydrate produced was
subjected to an extremely high moisture level of
100% RH and very dry environment of 0% RH
JOURNAL OF PHARMACEUTICAL SCIENCES
(Drierite1) andmonitored for further transforma-
tion. The samples were stored for 7 days and then
characterized by XRPD compared to the corre-
sponding references. Additional storage time was
needed in some cases where 7 days was insuffi-
cient to induce any transformation in the solid
state.
Effect of Temperature on the Conversion
of NF Hydrates

The temperature effect, particularly heating, was
aimed to investigate dehydration of NF hydrates.
A mild temperature of 608C was selected in an
attempt to avoid chemical degradation. NF
hydrates were placed in the drying oven at 608C
for 48 h before being characterized by XRPD.
However, additional exposure time of up to
1 month was needed for some NF hydrates to
confirm the solid state transformation.
RESULTS AND DISCUSSION

Solid State Characterization of NF Hydrate

Anhydrous NF starting material was character-
ized by XRPD, DSC, and TGA. TGA revealed
negligible mass loss of less than 1% w/w (Fig. 1A)
which was in accordance with USP and BP
specifications of anhydrous NF.23,24 DSC experi-
ment confirmed a single sharp endotherm at a
temperature range of approximately 220 to 2258C
for anhydrous NF (Fig. 1A). XRPD of anhydrous
NF (Fig. 2A) showed characteristic peak positions
identical to those reported for NF Form A.3,5,9 It
was hence concluded that the anhydrous NF in
our experiment was polymorphic anhydrous NF
Form A.

Slow recrystallization of NF solution in IPA:
water mixture resulted in dihydrate NF. Thermal
properties and water content of this hydrate are
shown in Figure 1C. DSC and TGA thermograms
showed endothermic peaks along with weight loss
at the temperature range of 80–1408C. HSM also
showed water vapor liberation by observing gas
bubbles within the same temperature range
(Fig. 3B). Water content obtained by KF titration
agreed well with the weight change obtained by
TGA (Tab. 1) which indicated a dihydrate
stoichiometry. XRPD pattern of the dihydrate
NF was not reported in any previous publications
for reference. Thus, a single crystal X-ray diffrac-
tion data from crystal obtained by the above
DOI 10.1002/jps



Figure 1. DSC and TGA thermograms of anhydrous NF Form A (A), disordered NF
state (B), dihydrate NF (C), hemipentahydrate NF (D), trihydrate NF (E) and pentahy-
drate NF (F).

SOLID STATE INTERCONVERSION OF NORFLOXACIN HYDRATES 5
recrystallization method was compared to dihy-
drate NF single crystal X-ray diffraction data
reported by Florence et al.6 and were found to be
identical. Therefore, the experimental XRPD
pattern of dihydrate NF (Fig. 2C) was confirmed
by the calculated powder diffraction pattern
generated from single crystal X-ray diffraction
data by MERCURY1 software and served as
DOI 10.1002/jps
reference XRPD pattern for dihydrate NF in
future experiments. However, this recrystalliza-
tion process was time-consuming and chemical
degradation of NF is of great concern. The results
obtained from SI-HPLC of the recrystallized
dihydrate NF did not show sign of degradation.
Thus, the quality of dihydrate NF produced was
essentially free from degraded compounds and
JOURNAL OF PHARMACEUTICAL SCIENCES



Figure 2. XRPD patterns of anhydrous NF Form A (A), disordered NF state (B),
dihydrate NF (C), hemipentahydrate NF (D), trihydrate NF (E), and pentahydrate
NF (F).

6 CHONGCHAROEN, BYRN, AND SUTANTHAVIBUL
was acceptable to be used as the reference for
future studies.

Trihydrate NF generated from antisolvent
precipitation method was characterized. The
results from HSM confirmed the existence of
solvate or hydrate as seen from the evolution of
vapor bubbles during heating. DSC showed a
large endotherm immediately followed by another
minor endotherm at the temperature range of 80–
1308C (Fig. 1E). Total weight loss obtained by
TGA was 14.81% w/w and occurred at the same
temperature range as that of DSC endotherm
(Fig. 1E). Meanwhile, KF titration confirmed the
Figure 3. HSM photomicrographs of dihydrate NF
immersed in mineral oil upon heating, at initial ambi-
ent temperature (A) and 1008C (B).

JOURNAL OF PHARMACEUTICAL SCIENCES
trihydrate stoichiometry of the crystalline pre-
cipitate (Tab. 1). XRPD pattern shown in
Figure 2E was used as reference XRPD pattern
of trihydrate NF due to the fact that no reference
was available in any previous works. In addition,
SI-HPLC did not detect any NF degradation after
trihydrate NF was generated.

DSC analysis of the hemipentahydrate NF
(Fig. 1D) and the pentahydrate NF (Fig. 1F)
which were produced from direct exposure to
moisture, showed large endotherm at 1208C
followed by a smaller endotherm at approximately
1408C. TGA showed a two step weight loss at the
same temperature as achieved by DSC. The total
weight loss from TGA and the water content
obtained from KF titration were in good agree-
ment confirming the stoichiometry of the hemi-
pentahydrate NF and the pentahydrate NF
(Tab. 1). HSM showed continuous liberation of
vapor bubbles during the temperature range
corresponding to their DSC and TGA dehydration
endotherms. XRPD of both hydrates are illu-
strated in Figure 2D and F and the XRPDpatterns
were essentially the same as XRPD of the
hemipentahydrate NF and the pentahydrate NF
reported by Yuasa et al.9
DOI 10.1002/jps



Table 1. Water Content (KF), Percent Weight Loss (TGA) and Stoichiometry between NF and Water Molecules

Method of Preparation
KF Water
Content (%)

TGA %
Weight Loss

Stoichiometry
(NF:Water
Molecule)

Recrystallization from IPA:water mixture 10.10 (0.08) 9.34 (0.136) 1:2.0
Exposure to 75% RH 11.55 (0.611) 12.12 (0.039) 1:2.5
Precipitate from aqueous ammonia solution 14.49 (0.342) 14.81 (0.046) 1:3.0
Exposure to 100% RH 20.55 (0.367) 20.87 (0.153) 1:5.0

SD shown in parentheses.

Figure 4. Scanning electron photomicrographs of
anhydrous NF Form A (A), pentahydrate NF obtained
from 100%RHvapor exposure (B) and pentahydrate NF
from directly dispersed in water (C).

SOLID STATE INTERCONVERSION OF NORFLOXACIN HYDRATES 7
Pentahydrate NF, which was obtained from an
alternative method of suspending anhydrous NF
Form A in water, also provided the same thermal
behavior and XRPD pattern (data not shown) as
the one hydrated at 100% RH water vapor.
However, the crystal habits of the two pentahy-
drate NF materials were different. Scanning
electron micrographs of each solid were gener-
ated. Light yellow and coarse powder of anhy-
drous NF Form A (Fig. 4A) was converted to
opaque white, needle-like fluffy pentahydrate NF
after having directly came into contact with water
(Fig. 4C). In contrast, exposure of anhydrous NF
Form A to 100% RH did not change the
appearance of the original powder even when
the internal structure was found to be converted
to the pentahydrate NF (Fig. 4B).

Another NF hydrate form found in this study,
the disordered NF state, has not been previously
reported elsewhere. Dehydration of pentahydrate
NF via desiccation (0% RH) over time produced a
so-called disorderedNF state. DSC andTGA of the
disorderedNF state are shown in Figure 1Bwhere
a complex dehydration behavior was observed.
Dehydration was detected during the first broad
endotherm (1008C) and immediately followed by a
sharp exotherm (1158C) and another broad
endotherm. Mass loss of disordered NF state also
took place over the same temperature range as
found in the DSC study. The sharp exotherm
was possibly due to the rearrangement of
NFmolecules after watermolecules were partially
removed. Disordered NF provided an XRPD patt-
ern similar to the amorphous material (Fig. 2B).
However, minor peak intensities in certain
regions could still be observed.

In order to characterize the complex thermal
behavior of the disordered NF, XRPD was utilized
to monitor the molecular rearrangement of intact
and heated disordered NF at predetermined
times (Fig. 5). Disordered NF was heated from
25 to 1208C by DSC (D-I) and the XRPD pattern is
DOI 10.1002/jps
displayed in Figure 5B. It showed increased
crystallinity compared to the initial disordered
NF. Initial disordered NF was also heated from 25
to 1608C (D-II) and its XRPD pattern is illustrated
in Figure 5C. The solid obtained after D-II
exhibited higher order than that of initial
disordered NF and after D-I treatment and was
JOURNAL OF PHARMACEUTICAL SCIENCES



Figure 5. XRPD patterns of disordered NF state (A), after D-I (B), after D-II (C), and
anhydrous NF Form A (D).

8 CHONGCHAROEN, BYRN, AND SUTANTHAVIBUL
shown to be identical to that of the anhydrous NF
Form A. TGA confirmed that the solid obtained
after D-II treatment showed no weight loss. It
could, hence, be concluded that the solid powder
collected after D-II treatment is an anhydrous NF
Form A. The total weight change from D-I to D-II
was approximately 1.64% which was higher than
the value allowed for anhydrous NF in the official
monographs (less than 1%).23,24 Thus, the solid
powder resulted from D-I treatment was a
hydrated transitional phase which, in turn, would
convert to the anhydrous NF Form A upon further
heating.

In general, materials of disordered molecular
arrangement are more sensitive to moisture
than the ordered crystalline phase. Consequently,
the moisture sensitivity of the disordered NF
was a critical issue. The disordered NF was thus
exposed to various humidity levels for 7 days and
the XRPD patterns were recorded (Fig. 6). The
transformation of the disordered NF to the
crystalline pentahydrate NF form was completed
when at least 57% RH was used. At 32.8% RH,
partial transformation to the pentahydrate NF
was seen according to the presence of peaks at
6.40, 13.00, 17.28, 23.36, and 26.2082u. On the
other hand, the disordered NF was stable under
JOURNAL OF PHARMACEUTICAL SCIENCES
11.3% RH for at least 2 months (data not shown)
similar to the XRPD pattern after 7 days exposure
to 11.3% RH. Thus, exposing the disordered NF to
more than 32.8% RH would eventually generate
the crystalline pentahydrate NF. However, at
humidity of 11.3%RH or below, the disordered NF
structure was retained.

Chemical interaction between water of crystal-
lization and active moiety of every NF hydrate
was investigated by spectroscopic FT-IR (Fig. 7).
The signal at specific wavenumber can be inter-
preted in terms of the functional group of the
material. The IR spectrum of anhydrous NF
Form A exhibited main absorption peaks at
1732 and 1253 cm�1 indicating C––O and C–O
bond stretching of carboxylic group, respectively.
When water molecules are incorporated in to the
crystal structure, the response of C––O and C–O
are found to gradually decreased as a function of
increased number of water of crystallization.8

Meanwhile, the responses at 1584 and 1340 cm�1

of carboxylate anion are markedly increased. The
above results suggested that structures of
the carboxylic group in these hydrates are the
carboxylate anion.10 In addition, the responses in
the regions of 3700–3250 cm�1 owing to OH
stretchingwere clearly present in all NF hydrates,
DOI 10.1002/jps



Figure 6. XRPD patterns of disordered NF state exposed to different relative humid-
ities for 7 days.

SOLID STATE INTERCONVERSION OF NORFLOXACIN HYDRATES 9
signifying hydrogen bonding between carboxylic
group and water molecules in the crystal struc-
ture.12 The FT-IR spectrum of the disordered NF
was also investigated. The presence of peaks at
1581 and 1334 cm�1 confirmed the occurrence of
carboxylate anion identical to other hydrates and
limited responses at 1732 and 1253 cm�1 indi-
cated that C––O and C–O stretching of carboxylic
group was disturbed by water molecule as well. It
can be concluded that water molecules in dis-
ordered NF formed structural hydrogen bonds
with NF molecules similar to those of other
stoichiometric hydrates. Thus, it is believed that
the disordered NF form was not a true amorphous
state but a metastable phase with short range
ordered structure.
Solid State Interconversion of NF Hydrate

XRPD patterns of NF hydrates (Fig. 2) were used
as reference patterns to show specific character-
istics of each form and were used to identify the
solid state transformation. The following studies
gathered evidences on the solid state transforma-
tion of NF hydrates under different environmen-
tal conditions, that is, relative humidities and
DOI 10.1002/jps
temperatures. It should be noted that the
observed trends are based on visual inspection
of the diffraction patterns and are not intended to
be quantitative.
Effect of Relative Humidities on Solid State
Transformation of NF Hydrates

Moisture content in the environment usually
plays the most pivotal part in hydrate formation
of many organic compounds.25,26 The anhydrous
NF Form A placed under different relative
humidities were found to form varying stoichio-
metric NF hydrates.5,9 The moisture sorption
study was used as a rough evaluation on the
hydrate formation behavior due to moisture.
Moisture vapor sorption data of the anhydrous
NF Form A obtained by DVS showed that under
60% RH, the anhydrous stoichiometry was
retained (Fig. 8). On the other hand, at moisture
levels higher than 60%RH, anhydrous NFFormA
showed a marked mass increase. The higher the
relative humidity of the environment above 60%
RH, the higher the weight gain. The final solid
structure formed at the end of the sorption phase
was later found to be pentahydrate NF by XRPD.
JOURNAL OF PHARMACEUTICAL SCIENCES



Figure 7. FT-IR spectra of anhydrous NF Form A, disordered NF state and other
stoichiometric hydrates of NF.

10 CHONGCHAROEN, BYRN, AND SUTANTHAVIBUL
Desorption phase of the induced pentahydrate
NF showed that the pentahydrate NF was very
stable even below 30% RH. However, when the
humidity decreased below 20% RH, significant
weight loss occurred. The result suggested that for
dehydration of the pentahydrate NF to occur the
environment must reach very low relative humid-
ity. These data could be used to determine a
suitable storage condition of NF rawmaterial. The
storage condition suggested for anhydrous NF
Form A should be in an environment where
moisture level is below 60% RH at room tempera-
ture. The pentahydrate NF form should not be
stored in areas where relative humidity is below
20% RH to prevent dehydration.

The degree of hydration of anhydrous NF Form
A with respect to relative humidity was investi-
gated and characterized by XRPD (Fig. 9). The
hemipentahydrate NF was achieved when anhy-
drous NF Form A was exposed to 75% RH as
mentioned in the previous section. XRPD patterns
of the anhydrous NF Form A which were stored
JOURNAL OF PHARMACEUTICAL SCIENCES
between 81% RH to 87% RH, however, showed
mixed characteristics at 6.4882u and 25.4882u of
pentahydrate NF and hemipentahydrate NF,
respectively. Increasing the moisture level was
found to accentuate the intensity of the peak at
6.4882u. Meanwhile the intensity at 25.4882u was
reduced. When anhydrous NF Form A was
exposed to humidity higher than 93.7% RH, pure
pentahydrate NF was found. In addition, expo-
sure of the anhydrous NF Form A at very high
humidity did not generate any degradation
products as confirmed by SI-HPLC (data not
shown) and the transformation was found to
evolve through the presence of hemipentahydrate
NF before eventually converting to the stable
pentahydrate NF.

NF hydrates were placed under 100% RH for
7 days after which XRPD patterns were recorded.
The XRPD results (data not shown) revealed that
every sample converted to the pentahydrate NF,
except the dihydrate NF. The dihydrate NF
exposed to 100%RH showedmixed characteristics
DOI 10.1002/jps



Figure 8. Dynamic water vapor sorption and desorption isotherms of anhydrous NF
Form A at 258C.

SOLID STATE INTERCONVERSION OF NORFLOXACIN HYDRATES 11
of both dihydrate NF and pentahydrate NF. It
could be inferred that the pentahydrate NF was
the most stable form in extremely high moisture
environments.

On the other hand, NF hydrate exposures to 0%
RH were also investigated. The pentahydrate NF
was transformed to the disordered NF state as
Figure 9. XRPD patterns of anhydrous NF
ities for 7 days.

DOI 10.1002/jps
discussed earlier. The XRPD pattern of the
hemipentahydrate NF at 0% RH is illustrated
in Figure 10. The characteristic peak at 25.4882u
was slightly shifted to lower angle of 24.8482u
which corresponded to the anhydrous NF Form A.
Meanwhile, the intensity at 26.6882u gradually
decreased as a function of exposure time. The
Form A under different relative humid-

JOURNAL OF PHARMACEUTICAL SCIENCES



Figure 10. XRPD patterns of hemipentahydrate NF under desiccant (0% RH) as a
function of exposure time.

12 CHONGCHAROEN, BYRN, AND SUTANTHAVIBUL
longer contact time to dry environment led to the
formation of a mixture of the two forms. The
trihydrate NF showed the same phenomenon on
the conversion to the anhydrous NF Form A
during exposure to 0% RH condition. The XRPD
patterns of the trihydrate NF during dehydration
are shown in Figure 11. After 7 days of dehydra-
tion, peaks at 9.84, 20.52 and 24.8482u of the
sample were found to be of the anhydrous NF
Form A. Peak positions at 7.52 and 25.4082u were
also apparent and related to the hydrated transi-
tional phase similar to the heat treated (D-I) of the
disordered NF state (Fig. 5B). Meanwhile, other
strong and characteristic trihydrate peaks still
existed. In summary, dehydration by reduction of
environmental moisture was not an effective
method to convert neither the hemipentahydrate
NF nor the trihydrate NF to the pure anhydrous
NF Form A even after 90 days exposure. Hence,
the dihydrate NFwas not further evaluated due to
lack of dehydration efficiency by this approach.
Effect of Elevated Temperature on Solid State
Transformation of NF Hydrates

Thermal dehydration is the most common way to
prepare anhydrous materials in the pharmaceu-
tical industry. There are many publications
JOURNAL OF PHARMACEUTICAL SCIENCES
reported the polymorphic transformation or
occurrence of desolvation upon thermal treat-
ment.27–30 In this study, a mild temperature of
608C was selected to minimize potential chemical
degradation associated with higher temperatures.

The disordered NF, hemipentahydrate NF and
pentahydrate NF were heated at 608C for 48 h.
XRPD showed the transformation to the anhy-
drous NF Form A (Fig. 12). The residual water
contents of the heated samples were investigated
using KF titration. The water contents were 1.02,
0.60, and 0.46 for heated samples of the disordered
NF, the hemipentahydrate NF and the pentahy-
drate NF, respectively. The results revealed that
all heated samples were essentially anhydrous
because the water content was approximately at
or below the maximum limit (1%) for anhydrous
NF specified in the monograph.23,24 Note that the
heated pentahydrate NF resulted in a similar
XRPDpattern to that of the anhydrousNFFormA
but with two additional peaks at 7.52 and 25.4082u
(Fig. 12D). These two peaks were assumed to
be the residual of the hydrated transitional phase
(Fig. 5B) found during D-I treatment of the
disordered NF state.

The results from the heated dihydrate NF and
the heated trihydrate NF are shown in Figures 13
and 14, respectively. The XRPD of the dehydrated
dihydrate NF revealed that a partial anhydrous
DOI 10.1002/jps



Figure 11. XRPD patterns of trihydrate NF under desiccant (0% RH) as a function of
exposure time.

Figure 12. XRPD patterns of anhydrous NF Form A (A), disordered NF state (B),
hemipentahydrate NF (C) and pentahydrate NF (D) after heated at 608C for 48 h.
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Figure 13. XRPD patterns of dihydrate NF after heated at 608C for various time
period.
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phase was generated after thermal dehydration
for 48 h. However, the peaks at 10.60, 11.32 and
13.16 and 25.0082u corresponding to the dihydrate
NFwere still present. Extended heating time of up
Figure 14. XRPD patterns of trihydrate N
period.

JOURNAL OF PHARMACEUTICAL SCIENCES
to 1month gavematerial with an identical pattern
to that of the 48-h treated sample. Thus, the
longer heating time did not fully convert the
dihydrate NF to the anhydrous NF Form A. The
F after heated at 608C for various time
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trihydrate NF also did not show full conversion to
the anhydrous NF Form A upon thermal dehy-
dration. XRPD of the treated trihydrate NF
indicated the anhydrous NF Form A peaks at
9.80, 16.04, 22.68, and 24.8482u. Additional peak
positions at 7.52 and 25.4082uwere also noticeable
and related to the hydrated transitional phase
(Fig. 5B) while the trihydrate NF peak at 23.3682u
remained pronounce indicating mixture of the
three forms. Extended thermal dehydration of the
trihydrate NF at 608C of up to 1 month did not
generate the pure structure of anhydrous NF
Form A.

The solid state interconversion of NF hydrates
is summarized in Scheme 1. The conditions used
in the proposed methodology of Scheme 1 were
based on exposing anhydrous NF Form A and its
hydrates to 100% RH (7 days), 0% RH (7 days) and
608C (48 h). The anhydrous NF Form A and the
other NF hydrate forms transformed to the
pentahydrate NF when exposed to saturated
water vapor. Meanwhile, the anhydrous NF Form
A could be produced from thermal dehydration of
the disordered NF state and hemipentahydrate
NF. On the contrary, dihydrate NF, trihydrate
NF, and pentahydrate NF were not fully con-
verted to the anhydrous NF Form A upon heating.
Dehydration of NF hydrates with the aid of
desiccant did not provide pure anhydrous NF
Form A. Instead, it generated the disordered NF
Scheme 1. Summary of the solid state inte
its hydrates (—, complete transformation; ----
transitional phase; �, the dihydrate NF derive
IPA and water; ��, the trihydrate NF gene
aqueous ammonia NF solution).

DOI 10.1002/jps
state from the pentahydrate NF. The disordered
NF state had specific rehydration behavior and
instability against humidity such that it could
easily be transformed to the pentahydrate NF
starting at very low moisture of 32.8% RH
compared to the anhydrous NF Form A where it
needs 93.7% RH to convert to the pentahydrate
NF.

An additional XRPD information on the relative
rate of transformation was collected (Tab. 2). The
rate of transformation mostly confirmed what was
stated in Scheme 1, with minor exception. As
previously reported, anhydrous NF Form A
transformed to pentahydrate NF through hemi-
pentahydrate NF as an intermediate at 100% RH
but the relative rate of change to hemipentahy-
drate has not yet been stated up to this time. The
characteristic peaks of hemipentahydrate NF
were found to be clearly visible within less than
24 h before completely converted to pentahydrate
NF in 7 days. In addition, triydrate NF was
transformed to pentahydrate NF in 3 days at
100% RH which was less than the duration
indicated in Scheme 1. Another difference is the
transformation of pentahydrate NF to anhydrous
NF Form A at 608C where the residual peaks of
hydrated transitional phase remained present
with the anticipated anhydrous NF FormA longer
than specified in Scheme 1 even after 7 days of
exposure.
rconversion of anhydrous NF Form A and
, incomplete transformation; T, hydrated
d from recrystallization in the mixture of
rated by antisolvent precipitation from

JOURNAL OF PHARMACEUTICAL SCIENCES



Table 2. Relative Rates of Norfloxacin Solid State Transformation Which Induced Observed Solid Morphology at
Specified Conditions

100% RH 0% RH 608C

From To Time (Day) To Time (Day) To Time (Day)

Anhydrous Hemipentahydratea <1 Anhydrous Stable Anhydrous Stable
Pentahydrate 7

Dihydrate Pentahydratea 7 b Anhydrousa 30
Hemipentahydrate Pentahydrate 7 Anhydrousa 90 Anhydrous 2
Trihydrate Pentahydrate 3 Anhydrousa 90 Anhydrousa 30
Pentahydrate Pentahydrate Stable Disordered state 7 Anhydrousa 7
Disordered state Pentahydrate 7 Disordered state Stable Anhydrous 2

aIndicates mixture of XRPD patterns between the original and the resultant solid morphology.
bNot observed.
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CONCLUSIONS

NF hydrates could be generated by various
approaches. The approaches used in this study
include slow recrystallization frommixture of IPA
and water, direct exposure of the anhydrous NF
Form A under 75% RH, precipitation from basic
ammoniated solution with antisolvent mixture to
produce dihydrate NF, hemipentahydrate NF,
and trihydrate NF, respectively. In addition,
direct exposure of the anhydrous NF Form A to
100% RH and dispersing the anhydrous NF Form
A in water could also produced the pentahydrate
NF. The pentahydrate NF formed from different
methods of preparation possessed different crystal
habits while the internal lattice structures were
identical. The hydrogen bonding between car-
boxylic groups could be detected using IR spectro-
scopy and the specific site of water of
crystallization in dihydrate NF was defined using
single crystal analysis. The levels of environ-
mental moisture greatly affected the transforma-
tion of the anhydrous NF Form A and other
stoichiometric hydrates. However, dehydration of
the pentahydrate NF via reduction in moisture
resulted in the disordered NF. Extremely dry
environment, 0% RH, was ineffective in with-
drawing the internal water molecules from NF
hydrates. On the other hand, water of crystal-
lization was removed by mild temperature eleva-
tion. However, the water of crystallization in the
dihydrate NF and the trihydrate NF was partially
removed by thermal energy and, thus, resulted in
the mixture of the anhydrous NF Form A, their
original hydrated structures and the hydrated
transitional phase (for trihydrate). The informa-
tion on the solid state interconversion of NF
hydrates obtained in this study may be a crucial
JOURNAL OF PHARMACEUTICAL SCIENCES
basic understanding for making sound judgment
on the pharmaceutical product development
strategies in the pharmaceutical industry.
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การประยุกตใชเคมคิัลโซลเวตในทางเภสัชกรรม 
 
วันชัย จงเจริญ1, วีระเกียรติ บญุกนกวงศ2* และ นฤพร สุตัณฑวิบูลย2 
1 บริษัท เมดิกา อินโนวา จํากัด  
2 ภาควิชาวิทยาการเภสัชกรรมและเภสัชอุตสาหกรรม  
  หนวยพัฒนาเภสัชภัณฑและการถายทอดเทคโนโลยี, ศูนยนวัตกรรมทางยาและผลิตภัณฑสุขภาพ    
  คณะเภสัชศาสตร จุฬาลงกรณมหาวิทยาลัย  
* Corresponding author: Veerakiet.B@chula.ac.th  

 

บทคัดยอ  
สารประกอบทางเคมีประเภทที่เรียกวา โซลเวต (solvate) หมายถึง สารเคมีที่มีโครงสรางที่เกิดจากการรวมกันระหวางสารเคมีหลักกับโมเลกุล
ของตัวทําละลาย (solvent) ซึ่งมีอัตราสวนโดยจํานวนตอกันที่แนนอนตามปริมาณสัมพันธ (stoichiometry) ในกรณีที่โมเลกุลของตัวทําละลายน้ัน
เปนน้ําซึ่งถูกจับอยูในโครงสรางของสารจะเรียกสารประกอบน้ันวา ไฮเดรต (hydrate) โดยทั่วไปโซลเวตหรือไฮเดรตจะมีสมบัติทางเคมีกายภาพ
แตกตางไปจากสารนั้นในรูปไมมีตัวทําละลาย คุณสมบัติดังกลาว เชน สภาพไหลได สมบัติในการยึดเกาะ ความสามารถตอกอัดได สภาพละลาย
ได เสถียรภาพทางกายภาพและทางเคมี เปนตน ดวยเหตุผลขางตนจึงมีการศึกษาวิจัยเพื่อนําเอาประโยชนที่เหนือกวาของโซลเวตมาใชทาง
เภสัชกรรม โดยเฉพาะเพื่อปรับปรุงคุณสมบัติตาง ๆ ของผลึกหรืออนุภาคของสารเคมี นอกจากน้ี ภาวะของสารเคมีที่เกิดเปนโซลเวตชนิดที่ไม
เปนไปตามปริมาณสัมพันธ (nonstoichiometric solvate) ก็มีประโยชนในการประยุกตใชทางเภสัชกรรมและทางเคมีเชนกัน  

คําสําคัญ: โซลเวต, ไฮเดรต, ภาวะพหุสัณฐานเทียม, การลดขนาดอนุภาค, สมบัติทางเคมีกายภาพ 
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บทนาํ 
§สารประกอบทางเคมี (chemical compounds) สามารถ

จัดแบงประเภทตามสมบัติทางสถานะของแข็ง (solid state 
properties) โดยใชลักษณะรูปรางภายนอก (habit) เชน รูปทรง
ตาง ๆ ของอนุภาคหรือผลึก และโดยใชลักษณะการจัดเรียงตัว
ของโครงสรางภายใน (internal structure) หากพิจารณาลักษณะ
การจัดเรียงตัวของโครงสรางภายในเปนเกณฑ จะสามารถแบง
ประเภทของสารไดเปนสองกลุม โดยกลุมที่หน่ึง คือ สารที่มี
ลักษณะการจัดเรียงตัวของหนวยแลตทิซ (lattice unit) อยางมี
ระเบียบแบบแผน หรือที่เรียกวาสถานะผลึก (crystalline state) 
และกลุมที่สอง คือ สารที่มีลักษณะการจัดเรียงตัวที่อิสระหรอืไมมี
แบบแผน หรือที่เรียกวาสถานะอสัณฐาน (amorphous state) ซ่ึง
สารทั้งสองกลุมน้ีมีคุณสมบัติทางเคมีกายภาพที่แตกตางกันโดย

                                                            
§ 14th year of Srinakharinwirot Journal of Pharmaceutical Science 

ส้ินเชิง เชน สารที่อยูในสถานะอสัณฐานจะมีความสามารถในการ
ละลายน้ําไดดีมากกวาเมื่ออยูในสถานะผลึก 

สารทางเภสัชกรรมที่ใชในการเตรียมเภสัชภัณฑสวนใหญจะ
อยูในรูปของแข็งผลึก (crystalline solid) มากกวารูปอสัณฐาน 
(amorphous form) อยางไรก็ตาม สารในกลุมที่มีลักษณะเปน
ของแข็งผลึกเองก็มีความแตกตางและความหลากหลายอยูมาก 
จึงทําใหสามารถจําแนกสารในกลุมนี้อยางกวาง ๆ ไดเปน 2 
กลุม ไดแก กลุมแรกซึ่งเปนสารที่มีโครงสรางของสารเคมีหลัก
เพียงชนิดเดียวหรือเอนทิตีเดี่ยว (single entity) ซึ่งอาจมีความ
แตกตางกันของการจัดเรียงตัวภายในโครงสรางหรือที่เรียกวา
การเกิดภาวะพหุสัณฐาน (polymorphism)1-4 และกลุมที่สองซึ่ง
เปนสารที่มีโครงสรางที่เกิดจากการรวมกันระหวางสารเคมีหลัก
กับโมเลกุลของตัวทําละลายอินทรียซึ่งอาจหมายรวมถึงนํ้าดวย 
อาจเรียกสารประกอบในกลุมน้ีวา โซลเวต (solvate) หรือ 
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molecular adduct ซึ่งเปนกลุมสารที่ไดรับความสนใจนอย แต
พบวามีขอดีหลายประการที่สามารถนําไปประยุกตใชในทาง
เภสัชกรรมไดอยางมีประสิทธิภาพ การเกิด molecular adduct 
หรือ  solvate จะขึ้นอยูกับ คุณสมบัติทางเคมีและขนาดที่
เหมาะสมของโมเลกุลตัวทําละลายที่จะสามารถอยูในโครงสราง
ของสารเคมีหลักไดไมวาจะดวยแรงทางพันธะหรือความจําเพาะ
ของขนาดตอชองวางในโมเลกุลของสารหลักก็ตาม และจะตอง
สามารถอยูไดอยางเสถียรในสภาวะปกติอีกดวย การเกิด
สารประกอบประเภทนี้อาจถูกเรียกไดวาภาวะพหุสัณฐานเทียม 
(pseudopolymorphism)2,5-9 อยางไรก็ตาม แมวาคุณสมบัติที่
แสดงออกของพหุสัณฐานเทียม (pseudopolymorphs) จะมี
ลักษณะที่คลายกับพหุสัณฐาน (polymorphs) แตในความเปน
จริงแลว ลักษณะและคุณสมบัติของพหุสัณฐานเทียมเหลานี้เกิด
จากโมเลกุลของตัวทําละลายที่บรรจุหรือสอดแทรกอยู ใน
โครงสรางของสารหลักโดยที่แลตทิซผลึก (crystal lattice) ของ
สารหลักนั้นไมไดเปลี่ยนแปลงไปจากเดิมเลย จึงไมอาจเรียก
ปรากฏการณการเกิดภาวะพหุสัณฐานเทียมวาเปนภาวะพหุ
สัณฐานได 

Molecular adduct ที่มีโมเลกุลของน้ําถูกจับไวในโครงสราง
หลัก นิยมเรียกวา ไฮเดรต (hydrate)10-11 ในทางเภสัชกรรมจะ
พบวาวัตถุดิบทางยาจํานวนมากมีสภาพที่เปนไฮเดรต เชน 
ampicillin trihydrate และ amoxicillin trihydrate เปนตน ซึ่งมี
ขอดีเหนือกวารูปแบบที่ปราศจากน้ํา (anhydrous form) อยู
หลายประการ นอกจากนี้ ในบรรดาโซลเวตเองยังสามารถแบง
ออกตามเกณฑการเกิดอัตราสวนของโมเลกุลของสารหลักตอ
โมเลกุลของตัวทําละลายอินทรียในการกอรวมตัวอยางเสถียร ถา
อัตราสวนน้ีเปนไปเปนตามปริมาณสัมพันธ (stoichiometry) จะ
เรียกโซลเวตชนิดนี้วา stoichiometric solvate หรือเรียกสั้น ๆ 
วา solvate แตถาอัตราสวนน้ีไมเปนไปตามปริมาณสัมพันธ จะ
เรียกโซลเวตเหลานี้วา nonstoichiometric solvate ซ่ึงสารใน
กลุม nonstoichiometric solvates น้ียังสามารถแบงออกตาม
ลักษณะการจัดเรียงตัวของตัวทําละลายอินทรียในโครงสรางหลัก
ไดอีก โดยมีช่ือเรียกเฉพาะ เชน cage, channel หรือ clathrate 
ในทางเภสัชกรรมสามารถพบรูปแบบ clathrate ไดในวัตถุดิบ
บางชนิด เชน warfarin USP 2412 

การรวมตัวหรือการจัดเรียงตัวของโมเลกุลตัวทําละลาย
อินทรียในโครงสรางหลักที่แตกตางกันยอมสงผลใหโซลเวตมี
สมบัติทางเคมีกายภาพที่แตกตางไปจากเอนทิตีเดี่ยวของสาร
ชนิดเดียวกัน11 โดยความแตกตางนี้อาจเปนขอไดเปรียบหรือ

ขอจํากัดของการนําเอาโซลเวตมาใชในทางเภสัชกรรมก็ได 
ดังน้ัน บทความนี้จึงไดรวบรวมประโยชนและการประยุกตใช 
โซลเวตในทางเภสัชกรรมเพ่ือเปนแนวทางในการพัฒนาการผลิต
เภสัชภัณฑตอไป 
 

การลดขนาดอนุภาคดวยเทคนิค solvation และ 
desolvation 

จากความรู พ้ืนฐานที่เกี่ยวของกับโครงสรางทางเคมีและ
ความสามารถในการกอรวมตัวระหวางโครงสรางหลักของ
สารเคมีกับโมเลกุลของตัวทําละลายอินทรียที่มีความเหมาะสม
กันทั้งในดานขนาดและดานสมบัติทางโครงสราง (เชน ประจุ 
และการเรียงตัว เปนตน) ทําใหโมเลกุลของสารทั้งสองสามารถ
อยูรวมกันไดอยางเสถียรดวยแรงทางพันธะตาง ๆ เชน พันธะ
ไฮโดรเจน (hydrogen bond) แรงทางไฟฟาสถิต (electrostatic 
force) หรือแรงแวนเดอรวาลส (van der Waals force) รวมถึง
ความจําเพาะของการจัดเรียงตัวของโมเลกุลตัวทําละลายอินทรีย
ในชองวางของโครงสรางสารเคมีหลักอีกดวย เมื่อโซลเวตไดรับ
แรงกระตุน (เชน จากการใหพลังงานในรูปความรอนหรือแรงทาง
เชิงกล) จะสามารถเรงหรือทําลายพันธะระหวางโมเลกุลของตัว
ทําละลายอินทรียกับโครงสรางหลัก ทําใหโมเลกุลของตัวทํา
ละลายหลุดออกจากโครงสรางหลัก และสงผลใหเกิดความไม
สมบูรณในโครงสรางของโมเลกุลของสารเคมีหลักและ/หรืออาจ
เกิดการเปล่ียนแปลงการจัดเรียงตัวของโครงสรางภายในโมเลกุล
หลักที่เรียกวาการเกิดภาวะพหุสัณฐาน  

กรณีที่เกิดความไมสมบูรณในโครงสรางของสารเคมีหลัก โดย
ยังคงมีการจัดเรียงตัวของโครงสรางภายในที่ไมเปลี่ยนแปลงจะ
สามารถนํามาประยุกตใชเพ่ือการลดขนาดอนุภาคและอาจสงผล
ไปสูการเพ่ิมพ้ืนที่ผิวของอนุภาคที่มีขนาดเล็กลง ซึ่งจะนําไปสู
การเพ่ิมความสามารถในการละลายของยาที่ละลายน้ําไดนอย  
โดยใชการกอเกิด molecular adduct ของสารเคมีกับโมเลกุลตัว
ทําละลายที่เหมาะสม แลวไลโมเลกุลของตัวทําละลายออกจาก
โครงสรางดวยวิธีการเพิ่มอุณหภูมิรวมกับการลดความดัน การ
ทําแหงเยือกแข็ง (freeze drying) หรือการใชแรงทางเชิงกล 
(mechanical stress) หลังจากเกิดโครงสรางที่ไมสมบูรณหรือ
เปราะบางแลวอาจจะใหพลังงานเพียงเล็กนอย เชน การบด
อนุภาคดวยแรงเพียงเล็กนอยก็จะสามารถทําใหผลึกของสารนั้น
แตกออกเปนชิ้นเล็ก ๆ ได  ทําใหมีพ้ืนที่ผิวโดยรวมมากขึ้นตอ
นํ้าหนักของสารที่เทากัน เม่ือเทียบกับอนุภาคกอนทําการลด
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ขนาด แตในบางครั้งพลังงานเชิงกลที่ใหเขาไปหลังจากเกิด
โครงสรางที่ไมสมบูรณแลวอาจจะไมมีความจําเปนตอการลด
ขนาดอนุภาคก็ได เนื่องจากหลังจากโมเลกุลของตัวทําละลาย
อินทรียออกจากโครงสรางหลักของสารเคมีจะเกิดการลมหรือ
แตกออกเปนชิ้นเล็ก ๆ ไดเอง ตัวอยางการศึกษาวิธีการลดขนาด
อนุภาคยาดวย solvation-desolvation method ไดแสดงใน
ตารางที่ 1 

ปจจัยที่มีผลตอการลดขนาดอนุภาคดวยเทคนิค 
solvation-desolvation น้ี  ปจจัยแรก  คือ ชนิดของตัวทํา
ละลายอินทรียที่ใชในการทําใหเกิด molecular adduct โดย
พบวาสารเคมีหลักชนิดใดชนิดหนึ่งสามารถเกิดการรวมตัวกับ
โมเลกุลของตัวทําละลายอินทรียไดมากกวาหนึ่งชนิด แตไม
จําเปนที่โซลเวตทุก ๆ ชนิดจะสามารถเกิด desolvation แลวจะ
ทํ า ให ขนาดอนุ ภ าค เล็ ก ล ง ได  นอกจากนี้  วิ ธี ก ารทํ า 
desolvation ยังมีความสําคัญตอการลดขนาดอนุภาคดวย
เชนกัน โดยพบวาโซลเวตชนิดเดียวกันเ ม่ือใชวิธีการทํา 
desolvation ที่แตกตางกันอาจสามารถไลตัวทําละลายอินทรีย
ออกจากโซเวตไดแตกตางกัน ซึ่งจะสงผลถึงความสามารถใน
การลดขนาดอนุภาคของสาร 

ปจจัยตอมาที่มีผลตอการลดขนาดอนุภาค คือ อุณหภูมิที่ใช
เพ่ือไลโมเลกุลของตัวทําละลายอินทรียออกจากโครงสราง ซ่ึงจะ
สงผลโดยตรงตอความสามารถในการลดขนาดอนุภาค จาก
การศึกษาของ Chinapak20 พบวาเมื่อใชอุณหภูมิที่ต่ําเกินไปใน
การกําจัดนํ้าออกจาก beclomethasone dipropinate 
monohydrate จะไมสามารถลดขนาดอนุภาคของสารนี้ได 

ในขณะที่เม่ือใชอุณหภูมิที่ สูงข้ึนจะมีประสิทธิภาพในการลด
ขนาดอนุภาคไดดวยวิธีการเดียวกัน เน่ืองจากการใชอุณหภูมิที่
ต่ําเกินไปจะไมสามารถเหนี่ยวนําใหเกิดความไมสมบูรณของ
โครงสรางที่มากพอ ดังนั้นการใชวิธีลดความดันรวมกับการเพิ่ม
อุณหภูมิในการไลตัวทําละลายอินทรียจึงเปนทางเลือกที่
เหมาะสมตอการลดขนาดอนุภาคดวยเทคนิคน้ี และยังเหมาะกับ
ตัวยาที่ไวตอความรอนอีกดวย เชน sulfathiazole ammonia 
adduct ซ่ึงอุณหภูมิที่สูงประมาณ 80 องศาเซลเซียสจะไม
เพียงพอตอการ deammoniation จึงตองใชการลดความดันรวม
ดวยจึงจะสามารถไล ammonia ออกจากโครงสรางของ 
sulfathiazole ได นอกจากนี้ปจจัยที่เกี่ยวของกับจํานวนรอบ 
(cycle) ของการทํา solvation และ desolvation ยังสงผลอยาง
ชัดเจนตอขนาดอนุภาคที่ไดหลังจากผานกระบวนการนี้ เชน 
griseofulvin chloroform adduct เม่ือผานการทํา solvation และ 
desolvation จํานวน 2 รอบทําใหขนาดอนุภาคเล็กลงกวาเริ่มตน 
ในขณะที่เมื่อผานกระบวนการนี้เปนจํานวนรอบมากขึ้นกลับไมมี
ผลตอการลดขนาดอนุภาค21 และ chloramphenicol palmitate 
ammonia adduct ก็ใหผลในทิศทางเดียวกัน15 

อยางไรก็ตาม การลดขนาดอนุภาคดวยวิธีการนี้ ส่ิงที่สําคัญ
และจําเปนตอการประเมิลผลขนาดอนุภาคที่ เล็กลงคือพหุ
สัณฐานที่อาจเกิดข้ึนไดหลังจากการกอ molecular adduct 
รวมถึงตัวทําละลายอินทรียที่อาจตกคางอยูในอนุภาคนั้นวามี
ปริมาณมากนอยอยูในเกณฑที่ยอมรับไดหรือไม และอาจจะเกิด
อันตรายกับผูใชไดหรือไม 

 
ตารางที่ 1 การลดขนาดอนุภาคของสารบางชนิดดวยเทคนิค solvation-desolvation 

Chemical Solvent Desolvation method Reference 
    

Barbiturates Ammonia การเพ่ิมอุณหภูมิรวมกับการลดความดัน 13 
    

Sulfonamides Ammonia การเพ่ิมอุณหภูมิรวมกับการลดความดัน 14 
    

Chloramphenicol palmitate Ammonia การเพ่ิมอุณหภูมิรวมกับการลดความดัน 15 
    

Chloramphenicol Ammonia 
Pyridine 

การเพ่ิมอุณหภูมิรวมกับการลดความดัน 
การเพ่ิมอุณหภูมิรวมกับการลดความดัน 

15 
16 

    

Griseofulvin Benzene 
Chloroform 
Dioxane 

การทําแหงเยือกแข็ง (freeze drying) 
การเพ่ิมอุณหภูมิรวมกับการลดความดัน 
การเพ่ิมอุณหภูมิรวมกับการลดความดัน 

17 
18 
19 

    

Beclomethasone dipropionate Water Isothermal dehydration 20 
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การปรับปรุงสมบัติทางกายภาพของอนุภาคโดยเทคนิค 
solvation 

การจัดเรียงตัวของโครงสรางภายในผลึกอาจสะทอนถึงสมบัติ
ทางกายภาพของสารเคมีได เมื่อเกิดการเปลี่ยนแปลงของการ
จัดเรียงตัวภายในผลึก (โดยไมมีการเปล่ียนแปลงของพหุสัณฐาน
ของสาร) จะสงผลตอสมบัติตาง ๆ ของสารได  ดังน้ันภาวะของ
การเกิดเปน molecular adduct ก็ยอมสงผลกระทบตอสมบัติ
ดังกลาวดวยเชนกัน เน่ืองจากวา ถึงแมการจัดเรียงตัวของหนวย
แลตทิซในสารจะไมเปลี่ยนแปลง แตการมีโมเลกุลชนิดอ่ืน (ซ่ึง
คือ โมเลกุลของตัวทําละลายอินทรีย) สอดแทรกหรือเกิดพันธะ
กับสาร เคมีห ลักย อมทํ า ให สม บัติ ของสารที่ แสดงออก
เปลี่ยนแปลงตามไปดวย ดวยเหตุน้ี การเปลี่ยนแปลงสมบัติทาง
กายภาพของสารเมื่อเกิด solvation จึงมีประโยชนและถูกนํามา
ประยุกตใชตอการพัฒนารูปผลึกหรืออนุภาคในทางเภสัชกรรม 
จากการศึกษาพบวา lactose และ dextrose monohydrate เม่ือ
ถูกทําใหสูญเสียนํ้าออกจากโมเลกุลไปบางสวน จะทําใหอนุภาค
ที่ไดมีสภาพไหลได (flowability) และสมบัติในการยึดเกาะ 
(binding property) ที่ดีขึ้น เมื่อเทียบกับรูปแบบ hydrate ที่ยังมี
โมเลกุลของนํ้าอยูครบสมบูรณ22-24 ดังน้ัน anhydrous lactose 
และ anhydrous dextrose จึงเปนตัวเลือกที่ดีในการใชเปนสาร
เพ่ิมปริมาณในกระบวนการผลิตยาเม็ดดวยวิธีการตอกอัด
โดยตรง (direct compression) 

การเปล่ียนแปลงรูปรางผลึกของสารบางประเภทสามารถทํา
ไดโดยเทคนิค solvation ตัวอยางเชน  paracetamol ซ่ึงผงยามี
ลักษณะผลึกรูปเข็ม ซึ่งเปนลักษณะดอยที่ไมเอ้ือตอกระบวนการ
ผลิตยาเม็ดดวยวิธีการตอกอัดโดยตรง เน่ืองจากผลึกรูปเข็มมี
ลักษณะการไหลที่ไมดีและยังปราศจากความสามารถในการยึด
เกาะอีกดวย จึงไดมีความพยายามในการพัฒนาวิธีการผลิตโดย
การเติมสารปรุงแตงยา (excipient) ชนิดตาง ๆ รวมถึงการ
เปลี่ยนแปลงกระบวนการผลิตยาเม็ด paracetamol ดวยวิธีที่
หลากหลาย25 แตเปนที่นาสนใจวาเมื่อ paracetamol เกิด 
solvation กับ dioxane แลวกําจัด dioxane ออกจากผลึกทีไ่ด จะ
ทําใหรูปรางผลึกเปล่ียนแปลงไปจากเริ่มตนโดยมีความกลมมาก
ข้ึน ทําใหการไหลของผงยาดีขึ้นและบริเวณพ้ืนผิวของผลึกยังมี
ลักษณะ sintered-like อีกดวย จากลักษณะเดนทั้งสองประการนี้ 
ทําให paracetamol-dioxane solvate ที่ทําการ desolvate แลว 
สามารถตอกอัดโดยตรงได ซ่ึงชวยใหกระบวนการผลิตยาเม็ด 
paracetamol สะดวกรวดเร็วและลดตนทุนการผลิตได26 

การเกิดโซเวตในระหวางกระบวนการผลิตสามารถนํามาใช
เพ่ือเปลี่ยนแปลงสมบัติของรูปผลึกของสารบางชนิดได Wong 
และ Mitchell27 ศึกษา hydrate form ของ chlorpromazine 
(CPZ) ที่เกิดข้ึนในระหวางการทําแกรนูลเปยกโดยใชสารผสม
ระหวาง ethanol และนํ้าเปน binding liquid หลังจากอบแหงไล
นํ้าออกบางสวน พบวาแกรนูลที่เกิดข้ึนมีความสามารถในการถูก
ตอกอัดไดดีกวาอนุภาคของวัตถุดิบ CPZ ซ่ึงมีความสามารถใน
การถูกตอกอัดที่ต่ํ ามากและยังอาจสงผลให เกิด  picking, 
laminating รวมถึง capping ได เมื่อทําการตรวจสอบพบวา 
CPZ ในแกรนูลนั้นเปล่ียนแปลงเปนรูป monohydrate ดังนั้น 
สังเกตไดวา water of hydration สงผลตอการเสียสภาพของ
อนุภาครวมทั้งการเกิด interparticulate bonding นอกจากนี้ ยัง
พบวา carbamazepine dihydrate form มีคุณสมบัติในการตอก
อัดที่เหนือกวา α และ β form โดยเฉพาะ β form น้ันแทบจะไม
สามารถตอก อัด เป น เ ม็ดได เ ลย  หรื ออาจกล าวได ว ามี
ความสามารถในการยึดเกาะที่ต่ํามาก อยางไรก็ตาม แมวา CBZ 
dihydrate จะมีสมบัติในการตอกอัดที่ดี แตภายใตแรงตอกอัดที่
เหมาะสมสามารถเหนี่ยวนําใหเกิดการเปล่ียนแปลงเปน β form 
ไดเชนกัน ดังนั้นจึงตองเฝาระวังการเปลี่ยนแปลงนี้28 

Solvation state ของสารบางชนิดยังชวยใหการสังเคราะห
สารเคมีในรูปแบบ ansolvate มีความเหมาะสมและคุมทุนตอการ
ผลิตหรือสังเคราะห โดยมีผลลดตนทุนและแรงงานในการผลิต
เนื่องจากไดปริมาณผลผลิตที่มากขึ้น ตัวอยางของการใชโซลเวต
ชวยในการสังเคราะห ไดแก gabapentin ในรูป monohydrate29 
เมื่อใช hydrate form ในการสังเคราะหจะสามารถเพ่ิมผลผลิต
ของการสังเคราะหไดมากกวาเดิมถึงรอยละ 12 และยังใหอนุภาค
ที่มีสมบัติทางกายภาพที่เหนือกวาการสังเคราะหแบบเดิมที่ไมใช 
hydrate form อีกดวย 

Amoxicillin N-methyl-2-pyrrolidone solvate เปนสารเคมีที่
ดูดความชื้น (hygroscopic) นอยกวา amoxicillin sodium ทําให
สามารถใช solvate form ซ่ึงเปนรูปแบบที่เสถียรมาเตรียมเปน
ยาผงสําหรับฉีดไดโดยมีเสถียรภาพทางกายภาพและทางเคมี
เ ป น ที่ น า พ อ ใ จ 30 น อ ก จ า ก นี้  N-acetyl-muramyl-L-α-
aminobutyryl-D-isoglutamine (ABU-MDP) ในรูปผลึก hydrate 
ก็มีความสามารถในการดูดความชื้นนอยกวา ABU-MDP ในรูป 
anhydrous ซ่ึงมีความสามารถในการดูดน้ําและสามารถ
เกิดปฏิกิริยาเคมีที่รวดเร็วเมื่อเพ่ิมอุณหภูมิ ในขณะเดียวกัน 
hydrate ของ ABU-MDP น้ัน ยังใหฤทธิ์เปนตัวเสริม (adjuvant) 
ที่เหนือกวา anhydrous form อีกดวย31  
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กลาวโดยสรุป solvate form ของสารบางประเภททําใหสมบัติ
ทางเคมีกายภาพของผลึกเปลี่ยนแปลงไปจาก ansolvate form 
ซ่ึงอาจมีทั้งขอดีและขอเสีย ดังนั้นเราจึงสามารถนําประโยชนที่
เกิดขึ้นมาประยุกตใชในทางเภสัชกรรมได แตการจะทํานายวายา
หรือสารเคมีชนิดใดบางที่เม่ือเกิด solvation แลวจะทําใหสมบัติ
ทางกายภาพเปนผลดีตามตองการเปนเรื่องที่ยาก และยังไมมี
การศึกษาเกี่ยวกับหลักการนี้มากนัก  

 
Solvation state กับการประยุกตใชในตํารับยาเตรียม  

Hydrate form ของสารตาง ๆ มีความสามารถในการละลาย
ในน้ําไดนอยกวา anhydrous form ของตัวมันเอง32 เนื่องจากกฎ
ของสมดุล เมื่อพิจารณาไฮเดรตที่อยูในสภาวะที่มีนํ้าในระบบ 
การละลายของไฮเดรตจะเปนดังสมการ 

 
     A.H2O   ↔   A(aq) + H2O  (A.H2O คือ hydrate form ของสาร A)   

 
เมื่อนํา A.H2O เติมลงในน้ําจะเกิดการแยกตัวของโมเลกุลนํ้า

ออกจาก hydrate form จึงทําใหในระบบมีปริมาณน้ํามากขึ้น 
และจากกฎของสมดุลจะทําใหเกิดการผันกลับไปทางดานสารตั้ง
ตน ซึ่งทําใหมี A.H2O มากข้ึนหรือหมายถึง A.H2O มีคาการ
ละลายนอยลงหรือมีการแตกตัวในน้ํานอยลง 

Hydration state ที่เสถียรสามารถใชในการตั้งตํารับยาน้ํา
แขวนตะกอนได สวนการใช anhydrous form เพ่ือการเตรียมยา
นํ้าแขวนตะกอน เม่ือกระจายผงยาในกระสายยาที่เปนนํ้าจะทํา
ใหมียาบางสวนละลายสูวัฏภาคน้ําอยางรวดเร็วจนถึงสภาวะ
อ่ิมตัวย่ิงยวด และเหลือยาบางสวนตกผลึกกลับออกมาเปน
ของแข็ง ตอมาของแข็งบางสวนจะละลายกลับเขาสูวัฏภาคน้ําอีก
ครั้งวนเวียนเชนน้ีตลอดไป เรียกวาเกิด Ostwald ripening แต
การตกผลึกกลับมาจะทําใหผลึกที่เกิดข้ึนมีขนาดใหญข้ึน (crystal 
growth) และมีการละลายที่เปลี่ยนแปลงไป รวมถึงอาจเกิดการ
อัดตัวแนน (caking) ที่กนภาชนะ เน่ืองจากเกิดการทับถมของ
ตะกอนที่มีขนาดแตกตางกัน หรืออาจกลาวไดวาเกิดความไมมี
เสถียรภาพของผลึก ดังนั้นการใช hydrate form ซึ่งมีคาการ
ละลายต่ํากวา anhydrous form จึงเหมาะกับการเปนวัตถุดิบใน
การเตรียมยาน้ําแขวนตะกอน เน่ืองจากลดโอกาสการตกผลึกที่มี
ขนาดเปลี่ยนแปลงไปจากเริ่มตน Hoelgaard และ MØller33 

พบวา metronidazole benzoate dihydrate มีความเหมาะสมใน
การเปนวัตถุดิบในการเตรียมยาน้ําแขวนตะกอนมากกวา 
anhydrate form I และ II  

ถึงแมวา hydrate form จะเหมาะสมในการใชเปนวัตถุดิบ
สําหรับการเตรียมยาน้ําแขวนตะกอน แตความเหมาะสมของ
ขนาดผลึกเริ่มตนและองคประกอบในตํารับก็สําคัญไมย่ิงหยอน
ไปกวากัน ดังนั้นการลดขนาดของ hydrate form จึงยังคงจําเปน
กอนนําไปเตรียมเปนเภสัชภัณฑ แตการลดขนาด hydrate form 
อาจสงผลตอการสูญเสียนํ้าออกจากโครงสรางผลึกได ซ่ึงจะทาํให
สารเริ่มตนกลายเปน anhydrous form แทน จึงตองศึกษาให
ละเอียดเสียกอนวาเมื่อมีการลดขนาด hydrate form แลว 
อนุภาคหรือผลึกที่ไดยังคงเปน hydrate form อยูหรือไม และมี
แตขนาดของอนุภาคเทานั้นที่เปลี่ยนไป เชน triazinoindole 
hydrate ที่ผานการลดขนาดดวย air mill ยังคงใหรูป hydrate ที่
มีขนาดเล็กลงและสามารถเพิ่มเสถียรภาพทางกายภาพไดเม่ือ
เตรียมเปนเภสัชภัณฑรูปแบบยาน้ําแขวนตะกอน34 

อยางไรก็ตาม มีขอมูลบางสวนที่ขัดแยงกับสมมติฐานขางตน 
เน่ืองจากพบวา hydrate form ของสารบางชนิดสามารถละลาย
นํ้าไดดีกวา anhydrous form เชน tranilast35, acyclovir36, และ 
carbamazepine37 เหตุผลในเรื่องนี้คงตองพิจารณาถึงรูปแบบ
ของพหุสัณฐาน (polymorphic form) ของ hydrate form ที่
อาจจะสามารถละลายน้ําไดดีกวาเมื่อเปรียบเทียบกับพหุสัณฐาน
ของ anhydrous form จึงมีโอกาสสูงที่จะทําให hydrate form 
ละลายน้ําไดดีกวา anhydrous form 

หากพิจารณาการละลายในน้ําของโซลเวตที่เกิดจากตัวทํา
ละลายอินทรีย การละลายของโซลเวตในน้ําจะตรงกันขามกับการ
ละลายของไฮเดรตในน้ํา เน่ืองจากเมื่อละลายโซลเวตในน้ํา ตัว
ทําละลายอินทรียในโซลเวตจะหลุดออกจากโครงสรางผลึก และ
นํ้าในระบบจะถูกใชไปเพ่ือการลอมรอบสารเคมีหลัก จึงทําให
โมเลกุลของโซลเวตกลายเปนโมเลกุลของสารเคมีหลักที่มีนํ้า
ลอมรอบ (A(aq)) ทิศทางของปฏิกิริยาในสมดุลจะไปขางหนามาก
ข้ึน ดังนั้นโซลเวตจึงสามารถละลายน้ําไดดีกวาไฮเดรต ตัวอยาง
ของยาหรือสารเคมีบางชนิดที่รูปแบบโซลเวตมีสภาพละลายได 
(solubility) มีคามากกวาในรูปแบบไฮเดรตแสดงขอมูลอยูใน
ตารางที่ 2 
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ตารางที่ 2 รูปแบบโซลเวต (solvate form) ของยาหรือสารเคมีที่มีการละลายในน้ําดกีวารูปแบบไฮเดรต (hydrate form) 

Chemical Solvating molecule Relative water solubility Reference 
    

Succinyl sulfathiazole Pentanol Pentanol > Anhydrous > Hydrate  32 
    

Fludocortisone acetate Pentanol Pentanol > Hydrate  32 
    

Urapidil Methanol Methanol > Anhydrous form I > Anhydrous form II  38 
    

Oxyphenbutazone Benzene 
Cyclohexane 

Benzene > Cyclohexane > Anhydrous > Hemihydrate > Monohydrate  39 

    

Sulindac Acetone 
Chloroform 

Chloroform ~ Acetone > Anhydrous  40 

    

Sulfamethoxydiazine Chloroform 
Dioxane 

Amorphous > Dioxane > Chloroform > Form I and II  41 

    

Glibenclamide Pentanol 
Toluene 

Pentanol >> Toluene > Anhydrous form I and II  42 

 
 

ดังน้ันจึงมีความเปนไปไดที่จะนําเอา solvate form ของสาร
บางชนิดที่มีคาการละลายสูงกวา anhydrous form หรือ hydrate 
form มาใชในการตั้งตํารับยาเตรียม เพ่ือชวยใหสามารถละลาย
นํ้าไดมากขึ้น และยังอาจสงผลตอโอกาสการเอื้อประโยชนใน
รางกายได อยางไรก็ตาม การประยุกตใชโซลเวตนี้ตองพิจารณา
ถึง solvating molecule ดวยวามีอันตรายหรือเกิดพิษรุนแรงมาก
นอยเพียงใด ถึงแมจะไมเปนอันตรายมากแตปริมาณท่ีเกิดข้ึนนั้น
อาจมากพอที่จะเกิดพิษทั้งในระยะสั้นหรือระยะยาวได  

Hydrate form ที่มีการละลายในน้ําต่ํากวา anhydrous form 
น้ัน  ยอมส งผลต อการ เอื้ อประ โยชนของยาในร า งกาย  
(bioavailability) เนื่องจากเปนที่ทราบกันอยางกวางขวางแลววา
การละลายเปนขั้นตอนสําคัญในการกําหนดปริมาณยาที่ถูกดูด
ซึมเขาสูรางกาย ตัวอยางเชน ampicillin anhydrous สามารถ
ละลายในน้ําไดดีกวา trihydrate form จึงใหการเอื้อประโยชนที่
สูงกวาทั้งในคนและสุนัข43 ภายหลังมีการศึกษาพบวาคาการ
ละลายของ ampicillin ในน้ํา ไมไดเปนปจจัยหลักที่กําหนดการ
เอ้ือประโยชนในรางกาย แตองคประกอบของตํารับสงผลตอการ
เอ้ือประโยชนมากกวา อยางไรก็ตาม มีงานวิจัยบางรายงาน
แสดงใหเห็นวา hydrate form ใหการเอ้ือประโยชนที่สูงมากกวา 
anhydrous form ตัวอยางเชน Kahela และคณะ37 ศึกษาพบวา 
carbamazepine (CBZ) dihydrate ใหการเอ้ือประโยชนที่สูงกวา 
anhydrous CBZ ทั้งน้ีเหตุผลสวนหน่ึงเน่ืองมาจาก CBZ 
dihydrate มีความสามารถในการเปยก (wettability) และละลาย

ไดดีกวา anhydrous CBZ และเน่ืองมาจาก anhydrous CBZ มี
อัตราการเกิดการโตของผลึก (crystal growth) อยางรวดเร็ว 
สวน CBZ dihydrate มีอัตราการโตของผลึกชามาก จึงทําให
โดยรวมแลว anhydrous CBZ มีคาการละลายต่ํากวา CBZ 
dihydrate และทําให CBZ dihydrate มีการเอื้อประโยชนที่สูง
กวา anhydrous CBZ 

ในป ค.ศ. 1975 Haleblian44 พบวาอัตราการดูดซึมนอกกาย
ของ monoethanol solvate ของ t-butyl acetate ของ 
hydrocortisone มีคาสูงกวา hemiacetone solvate และมากกวา 
anhydrous form ประมาณ 5 เทา และอัตราการดูดซึมนอกกาย
ของ monoethanol solvate ของ t-butyl acetate ของ 
prednisone มีคาสูงกวา hemichloroform solvate และมากกวา 
anhydrous form ประมาณ 2 เทา ซึ่งเปนไปตามสมมติฐานหรือ
หลักฐานที่มีการศึกษามาขางตน นอกจากนี้ยังมียาชนิดอ่ืน ที่
ใหผลการศึกษาในทิศทางเดียวกัน เชน fluprednisolone t-
butylamine solvate45 
 
Solvation กับการเพิ่มเสถียรภาพทางเคมี 

จากขางตนที่ไดกลาวแลววา solvation state ของสารยอม
แสดงสมบัติทางเคมีกายภาพที่แตกตางออกไปจาก ansolvate 
form การศึกษาของ Haleblian44 พบวา hydrate form ของ 
cyanocobalamine (vitamin B12) ซ่ึงเปนวิตามินที่สลายตัวได
งายและไวตอทั้งแสงและอุณหภูมิจะมีเสถียรภาพทางเคมี
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มากกวา conventional vitamin B12 และ cefazolin 
monohydrate เปนอีกตัวอยางหน่ึงของสารที่มีเสถียรภาพดีกวา 
anhydrous form แตในทางตรงกันขาม บางครั้งการมี hydration 
state มากเกินไปกลับทําใหเสถียรภาพลดลงเนื่องจากมีแนวโนม
ที่จะสูญเสียโมเลกุลของน้ําออกจากโครงสรางไดมากขึ้น46 Engel 
และคณะ47 ยังแสดงใหเห็นวา cephalexin monohydrate จะ
เสถียรตอการสัมผัสกับความชื้นมากกวา anhydrous form 
นอกจากนี้ cefadroxyl hemihydrates ยังมีเสถียรภาพทางเคมี
มากกวา monohydrate form ซ่ึงเปนรูปแบบที่ใชในการเตรียม
ผลิตภัณฑในปจจุบัน48 และ cefixime trihydrate มีเสถียรภาพ
ทางเคมีในสภาวะที่มีความช้ืนมากกวา partially hydrate และ 
anhydrous form49 
 
Nonstoichiometric solvate กับการประยุกตใชในทาง
เคมีและทางเภสัชกรรม 

Nonstoichiometric solvate หรือ clathrate มักไมคอยมี
ประโยชนในทางเภสัชกรรมมากนัก เน่ืองจากพบวามีสารจํานวน
นอยชนิดที่เกิดสภาวะเชนนี้ แตก็มียาสเตียรอยดบางชนิดที่ใช
ประโยชนจาก clathrate ในการเพิ่มเสถียรภาพทางเคมีกายภาพ
ของรูปแบบยาเตรียมได50 จากการศึกษาพบวาปญหาที่เกิดขึ้น
จากการใช beclomethasone dipropionate (BCP) anhydrous 
micronized form ในการเตรียมเภสัชภัณฑรูปแบบยาแขวน
ตะกอนในสารขับดันชนิด CFC propellant 11 เพ่ือบรรจุใน
อุปกรณยาสูดกําหนดขนาด (metered-dose inhaler; MDI) ของ
รูปแบบยาละอองลอย (aerosol) คือจะเกิดการโตของผลึก 
(crystal growth) และไปอุดตันที่ actuator ของ MDI ทําให
ประสิทธิภาพการนําสงยาเขาสูระบบทางเดินหายใจลดลง
เนื่องจากขนาดอนุภาคที่ใหญข้ึนกวาขนาดเริ่มตน แตกลับพบวา
เมื่อเตรียม BCP ในรูป nonstoichiometric solvate ดวยสารขับ
ดันชนิด propellant 11 (BCP-propellant 11 clathrate) แลว
นํามาใชเปนวัตถุดิบเริ่มตนในการเตรียมยาแขวนตะกอนในสาร
ขับดัน propellant 11 กลับไมพบปรากฏการณดังกลาวขางตน 

ประโยชนอ่ืน ๆ ของ clathrate ที่สามารถประยุกตใชกับ
สารเคมีตาง ๆ44 ไดแก การใชแยกสารเคมีออกจากกันโดยอาศัย
สมบัติพ้ืนฐานของ clathrate ที่ใหสถานะทางกายภาพตางจาก 
intact form อาทิ การแยก thiophene ออกจาก benzene การ
แยก rare gas (เชน argon กับ neon) ออกจากกัน หรือการ
จัดเก็บสารเคมีบางชนิดที่อยูในสถานะไอใหกลายเปนสถานะ

ของแข็ง (เชน hydroquinone กับ inert gas) รวมถึงการจัดการ
กับสารเคมีที่เปนพิษและระเหยไดโดยผานทาง clathrate ที่มี
เสถียรภาพและไมทําใหสารนั้นระเหยได เชน dimethyl mercury 
(ซึ่งเปนสารระเหยงายที่มีพิษ) กับ 4-p-hydroxyphenyl-2,2,4-
trimethyl thiochroman เปนตน 
 

บทสรุป 
จากพื้นฐานความรูทางเคมีรวมกับการคนพบลักษณะและ

สมบัติทางกายภาพที่แตกตางกันระหวางรูปแบบโซลเวต 
(solvate form) กับรูปแบบที่ปราศจากโซลเวต (ansolvate form) 
ของสารชนิดเดียวกัน สามารถนําไปสูการประยุกตใชในทาง
เภสัชกรรมและทางเคมีไดอยางกวางขวาง ไมวาการปรับปรุง
ลักษณะอนุภาคใหมีสมบัติตามตองการ การเพ่ิมเสถียรภาพทาง
เคมีกายภาพของสาร รวมไปถึงการใชเปนเครื่องมือในการลด
ขนาดอนุภาคหรือใชเปนทางผานในการสังเคราะหสารเคมีบาง
ชนิดเพ่ือใหไดปริมาณผลผลิตที่ เพ่ิมมากขึ้น อยางไรก็ตาม 
ขอจํากัดที่สําคัญของวิธีการเหลานี้ คือ โมเลกุลของตัวทําละลาย
อินทรียที่ใชมักจะเปนอันตรายและไมปลอดภัย ยกเวนในกรณีที่
สามารถพัฒนาใชไฮเดรตแทนโซลเวตไดเนื่องจากโมเลกุลของ
นํ้าไมเปนพิษ นอกจากนี้ การศึกษาถึงหลักเกณฑหรือทฤษฎีการ
เกิดโซลเวตในปจจุบันยังมีองคความรูทางดานนี้นอยมากและยัง
ไมสามารถสรุปเปนกฎเกณฑที่แนนอนได จึงยังคงเปนขอจํากัด
ของการใชวิธีการนี้ 
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ABSTRACT  
Chemical solvate means a structure of molecular adduct between crystal lattices and guest molecules with respect to certain 
stoichiometric arrangement. Guest molecules are mostly solvents including water. If water molecules are entrapped in crystal lattices, 
this chemical compound is called hydrate. Solvates or hydrates generally have different physicochemical properties from their original 
nonsolvated crystals. The examples of such properties are flowability, binding property, compressibility, solubility, chemical and 
physical stability. Research in solvate formation of various organic solids proves that it is beneficial to improve or modify some 
characteristics of former crystals. Our literature review indicates solvation and desolvation processes can be used to achieve 
desirable specific characteristics of organic solids. Various applications of solvate formation or modification are summarized and 
presented in this article. Furthermore, some cases of nonstoichiometric molecular adduct or so-called clathrate are one of the most 
promising advantages for pharmaceutical application and chemical management. Conclusively, solvation with or without desolvation 
step can be applied in numerous pharmaceutical and chemical aspects. 
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