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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 K., 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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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
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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
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EXPERIMENTAL

CHEMICALS

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

® |sopropanol (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)

® [ithium 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 (8229, 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).



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 °Cina 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 STAR® 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 mil/min.
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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 CuKo. radiation at 40 kV and 20 maA.
Samples were measured at a step size of 0.04 °20 with a scan speed 5 °20/min from 5° to

35 °20.

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 (V) 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 (T,,) were 80 °C, 85 °C, 90 °C and

95 °C. Each sample was weighed approximately 20 mg and placed in aluminum pan (100

L) 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 (t,). 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 T, 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).

Al C

andn

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 (E,) for dehydration was

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

al., 2003).



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)
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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 trihnydrate 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)
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A B
Cc 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 (Sustar et al., 1993), the DSC of disordered NF showed
large endotherm with rapidly changing exotherm at the range of approximately 80 °C to
110 °C while amorphous NF exhibited an endotherm immediately followed by an exotherm
from 80 to 150 °C. 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
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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-Il 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-Il 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-l 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-l 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-ll treatment showed no weight loss. It could,
hence, be concluded that solid collected after D-Il treatment is an anhydrous Form A. The
total weight change from D-l to D-ll 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 9 XRPD patterns of disordered NF state (A), after D-I (B), after D-Il (C) and

anhydrous NF Form A (D)
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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 °29.
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.

pentahydrate NF
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—
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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=0 and
C-O bond stretching of carboxylic group, respectively. When water molecules are
incorporated into the crystal structure, the response of C=0 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=0 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.
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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.
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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 °20 and 25.48 °20 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 °20. Meanwhile the intensity
at 25.48 °20 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.
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Figure 13 XRPD patterns of anhydrous NF Form A under different relative humidity for 7
days
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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 20 was slightly shifted to lower angle of 24.84 °20 which
corresponded to the anhydrous NF Form A. Meanwhile, the intensity at 26.68 °20 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 20 of the
sample were found to be of the anhydrous NF Form A. Peak positions at 7.52 and 25.40
20 were also apparent and related to the hydrated transitional phase similar to the heat
treated (D-lI) of the disordered NF state (Figure 9B). Meanwhile, other strong and
characteristic trihnydrate 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.
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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 °20 (Figure 17D). These two peaks were assumed to be the
residual of the hydrated transitional phase (Figure 9B) found during D-l 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 °20 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 trihnydrate NF showed the anhydrous
Form A peaks at 9.80, 16.04, 22.68 and 24.84 °20. Additional peak position at 7.52 and
25.40 °20 were also noticeable and related to the hydrated transitional phase while the
trihydrate NF peak at 23.36 °20 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.

8 10 15 20 2 30 38
(20)
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
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Figure 19 XRPD patterns of trihydrate NF after heated at 60°C for various time period

29
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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.
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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 Ty, of hemipentahydrate NF at various T, were different and depend on the nature
of dehydration. The T, was determined by observing an unchanged power in IDSC

thermograms. The T, 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 T,
were calculated and are tabulated in Table 2. The result revealed that dehydration energies
at every T, 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.
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Figure 21 IDSC thermograms of hemipentahydrate NF during isothermal dehydration at

various T,
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Table 2 Dehydration energy, residual water content and particle size of dehydrated

hemipentahydrate NF after complete dehydration at different T;g,

Tiso (OC) Dehydration energy Residual water content d [v,0.5]
(J/9) by TGA (%w/w) (micron)
Intact form - 1212 £ 0.04 248.88 + 2.91
80 285.12 + 5.34 0.38 + 0.06 240.68 + 5.53
85 290.33 + 6.57 0.43 + 0.36 225.03 + 8.16
90 292.38 £ 5.75 0.37 £ 0.27 21217 £ 5.89
95 277.57 + 12.56 0.24 + 0.13 23713 £ 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 T, showed the specific

character of anhydrous NF Form A (Figure 22).

95°C
90°C

85°C

80°C

anhydrous NF Form A

B B

5 10 15 20 25 30 35
(°26)
Figure 22 XRPD diffractograms of dehydrated hemipentahydrate NF after isothermal

dehydration with respect to Tig,
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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 T, while

dehydration energies of all dehydrated samples were similar. At the lowest T, of 80 °c,

SEM photomicrographs did not show particle size disruption (Figure 24). SEM

photomicrographs of dehydrated hemipentahydrate NF at higher T, of 85 °C and 90 °C

showed surface defects and resulted in the smaller particles of anhydrous NF Form A.

However, at the highest T, of 95 OC, 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 (QU) 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 T, and showed two steps of dehydration from
observable two phases of the slopes. The calculated E, with different solid state kinetic
equations were in the range of approximately 76 kdJ/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 E, in between of 80 to 120 kJ/mol which
was similar to the E, 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 E, 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 E, during dehydration indicated less energy barrier for
dehydration which resulted from the disruption of the structural integrity of hydrate particles

without particle size reduction.
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Figure 23 QOL-t curves of dehydration of hemipentahydrate NF at different T,
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80 °C

85°C

90 °C

Figure 24 SEM photomicrographs of hemipentahydrate NF after complete dehydration at
various T, (left column at the magnification of 35, right column at the magnification of

5000)
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Table 3 The activation energy of isothermal dehydration of hemipentahydrate NF with

various solid state kinetic models

E. (kJ/mol)
Model equation First step of dehydration Second step of dehydration
(0.20 to 0.80 of QL) (0.93 to 0.97 of QL)

Avrami Eroféev

1 dimensional 76.56 119.23

2 dimensional 75.84 119.19
Phase Boundary

2 dimensional 76.95 120.45

3 dimensional 77.22 121.10

E, (kJ/mol)
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Figure 25 Comparative activation energy of dehydration derived from model independent

solid state kinetic of different stoichiometric NF hydrates



37
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 T, of trihydrate NF and
pentahydrate NF at different T, were able to be elucidated as two points. The first T, was
selected between the first and second dehydration endotherm while the second T, 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
Tisc Of second step or complete dehydration were 750, 510, 330 and 210 mins at 80 OC,
85 OC, 90 °C and 95 OC, respectively. On the other hand, the first T, of pentahydrate NF
were 240, 140, 90, 70 mins and the second T, for complete dehydration were 600, 390,
330, 240 mins at 80 oC, 85 oC, 90 °C and 95 oC, 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.

80
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95

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

during isothermal dehydration at various T,
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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 T,

Table 4 Dehydration energy, residual water content and particle size of dehydrated

trihydrate NF after dehydration at different T,

Step of Tiso Dehydration Residual water content d [v,0.5]
dehydration (OC) energy (J/g) by TGA (% w/w) (micron)
Intact form - - 14.88 + 0.08 241.71 £1.95

First step 80 375.46 £ 17.78 3.03 £ 042 227.58 + 4.66
85 379.73 £ 10.21 2.64 + 0.21 235.53 + 2.97

90 374.73 £ 2.34 2.91+£0.40 231.67 £ 2.27

95 360.74 + 4.16 3.43 £ 0.09 236.13 £ 1.39

Complete 80 455.38 + 7.56 0.56 + 0.35 234.86 + 2.17
dehydration 85 436.29 + 42.09 0.36 + 0.16 215.09 + 3.89
step 90 435.82 + 18.74 0.11 £ 0.01 229.81 £ 0.35

95 436.57 + 3.87 0.15 + 0.07 228.65 + 2.13
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Table 5 Dehydration energy, residual water content and particle size of dehydrated

pentahydrate NF after dehydration at different Tig,

Step of Tiso Dehydration Residual water content d [v,0.5]
dehydration (OC) energy (J/g) by TGA (Y%w/w) (micron)
Intact form - - 20.87 £ 0.15 211.04 £ 1.46

First step 80 409.32 + 3.18 3.09 £ 0.08 199.52 £ 0.99
85 392.63 + 11.20 275+ 017 198.91 + 2.23

90 387.12 + 9.86 3.47 £ 0.19 168.52 + 2.19

95 400.25 + 16.29 262 +0.15 203.14 £ 2.75

Complete 80 416.59 + 21.18 1.09 £ 1.16 205.58 + 1.84
dehydration 85 436.90 £ 12.96 0.72 £ 0.30 187.77 £ 1.64
step 90 434.50 + 13.96 0.73 £ 0.12 197.51 £ 1.75

95 448.12 + 11.16 0.75 £ 0.01 192.52 £ 3.76

The direct energy measurement within each group of dehydration step with respect
to temperatures used for T, 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 T,
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Figure 29 XRPD diffractograms of dehydrated pentahydrate NF after first step of isothermal

dehydration with respect to T,
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Figure 30 XRPD diffractograms of dehydrated trihydrate NF after complete dehydration with

respect to T,
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Figure 31 XRPD diffractograms of dehydrated trihydrate NF after complete dehydration with

respect to T,
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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 trinydrate 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 (Ol) and dehydration time (t) of trihydrate
NF and pentahydrate NF are presented in Figures 36 and 37, respectively. In the case of
trinydrate 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 E, of each defined dehydration steps of
trihydrate NF and pentahydrate NF are presented in Tables 6 and 7, respectively. Model
dependent approach gave E, 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 E, of 85-115 kJ/mol which
are similar to the energy barriers of each step of dehydration (Figure 24). The E, 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 E,. 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 E, 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 E, of pentahydrate NF from model

independent, 50 kd/mol, was equal to the E, obtained from the early step of dehydration by

model dependent. Moreover, the pattern of the change of E, over the QL 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 T, (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 dljring isothermal

dehydration after the first dehydration step with respect to T,,(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 T(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 T, (left column at the

maghnification of 35, right column at the magnification of 5000)
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Table 6 The activation energy of isothermal dehydration of trihydrate NF with various

solid state kinetic models

E. (kJ/mol)
First step of Second step of Third step of
Model equation
dehydration dehydration dehydration

(0.10 to 0.30 of QL) (0.40 to 0.70 of AL) (0.93 to 0.97 of )

Avrami Eroféev

1 dimensional 80.52 97.02 93.69
2 dimensional 79.74 97.66 93.75
Order reaction

1% order 82.79 101.28 93.45
Phase Boundary

1 dimensional 81.77 97.71 94.80

Table 7 The activation energy of isothermal dehydration of pentahydrate NF with various

solid state kinetic models

E. (kJ/mol)
Model equation First step of dehydration Second step of dehydration
(0.20 to 0.80 of QL) (0.93 to 0.97 of QL)

Diffusion Controlled

1 dimensional 51.21 87.52
Phase Boundary

1 dimensional 51.18 88.66

2 dimensional 51.38 71.68

* The values are calculated from the IDSC data of Ti,, 85, 90 and 95 °C

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 °C/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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hemipentahydrate NF

trihydrate NF

pentahydrate NF

Figure 38 The regular non isothermal DSC (NIDSC) thermograms of some NF hydrates at
the heating rate of 10 °C /min

NIDSC : IDSC

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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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 Ti,,. The
tso Was applied of up to 6 hours.

HSM results revealed that dihydrate NF lost an anisotropic property with respect to
heating time at every T,,,. 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 T, resulted in
shorter dehydration time. The small particle of dehydrated dihydrate NF was not generated
at every T, 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.
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Figure 42 SEM photomicrographs of dihydrate NF after 360 mins of isothermal dehydration
with respect to different T,s,. (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 Ts,. (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

¢ 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 Hydrogen bond Bond Bond Type of
definition position length (A) angle(®) hydrogen bond

O(1W)-H(1W2)-0(32)
A----B  O(1W)-0(32) 2.865 172.58 Moderate to
H-A O(1W)-H(1W2) 0.896 weak
H----B H(1W2)-0(32) 1.974

O(1W)-H(1W1)-0(32)
A----B  O(1W)-0(32) 2.986 163.24 Moderate to
H-A O(1W)-H(1W1) 0.950 Weak
H----B H(1W1)-0(32) 2.064

O(1W)-H(2W1)-0(2W)
A----B  O(1W)-O(2W) 2.783 153.81 Moderate to
H-A O(1W)-H(2W1) 0.880 weak
H----B  H(2W1)-0(2W) 1.966

O(2W)-H(2W2)-0(31)
A----B O(2W)-0(31) 2.625 169.81 Moderate to
H-A O(2W)-H(2W2) 0.967 strong
H----B H(2W2)-0(31) 1.668

O(2W)-H(842)-N(84)
A----B O(2W)-0O(2W) 2.712 169.26 Moderate to
H-A O(2W)-H(842) 1.040 strong

H-—-B  H(842)-N(84) 1.684
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a axis

b axis

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 K., was also
considered (Perlovich et al., 1996 and 1998). The more compact the crystal packing, the
higher the K., 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 AS,
respectively (Table 9). On the other hand, the essential data for the calculation of K., 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 C16H1sFN305.2H,0
Molecular weight 355.34
Space group Monoclinic

P2,/C

a (A) 8.2835
b (A) 21.7276
c (A) 9.5436
B 110.886
crystal cell volume (A%) 1604.8
Z 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 PowderSoIve® 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
PowderSoIve® 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 K., 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 AS had a highest FOM. However, it was larger
than the unit cell volume of dihydrate NF (1604.8 As). 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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Kean- 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 K, 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 K,,,, 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 K., 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

Figure of Merit K.an Of Peak Used* Unit cell

(FOM) dihydrate NF system a(A) b (A) c(A) o) Be Y ©) Volume (A%)
2.20 - 22 of 22 Monoclinic | 21.13912 | 15.69688 | 13.03046 90 121.60200 90 3682.59
2.00 0.3368 22 of 22 Triclinic | 18.75665 | 12.96237 | 7.23957 | 126.21100 | 92.06500 | 101.24500 1367.25
2.10 0.5878 23 of 23 Triclinic | 20.72207 | 12.81180 | 7.80562 | 125.57900 | 114.38100 | 88.58800 1468.71
1.90 0.3834 22 of 22 Triclinic | 20.08745 | 12.87875 | 7.25269 | 55.86900 | 107.98300 | 115.49700 1396.15
1.70 0.6780 23 of 23 Triclinic | 18.42371 | 10.54013 | 8.02520 | 75.16900 | 93.56300 | 99.18300 1486.81
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)




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 trihnydrate 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 E, 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 K, 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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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:

A — B +Cy

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

reactant or products. It should be derived as follows.

dAa]_ _d[B]__d[c]
dt dt

Rate =

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.

Rate = —k[A]" =k(A], ~[B]" =k(A], - [C]]
Where Ay 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
dlA
Rate = % =—k[A]

By intergration
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Solid state kinetics will be observed the progress of reaction by describing the fraction of

conversion () instead of the reaction concentration. The rate is hence transformed based

on above relation and expressed as
d
Rate = — = k(L- a)
dt

then be integrated as
—In(l- )=kt
In addition, unlike solution state, solid state kinetics should be varied depend on

several factors. It can be commonly illustrated as

da
— =kf
o~ K@)

and

g(o) =kt

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

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

Arrhenius relationship.
E

k=Ae T

where A is the frequency factor, E, is activation energy, R is the gas constant and T is

absolute temperature. Combining above equations yield the relationship below.

and
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APPENDIX C

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

Model Mechanism

1
[— In(1- a)]E =kt One-dimensional growth of nuclei (Avrami-Erofe'ev equation, n=2)
1
[—In(l—a)]§ =kt Two-dimensional growth of nuclei (Avrami-Erofe'ev equation, n=3)

1
[— In(1- a)]Z =kt Three-dimensional growth of nuclei (Avrami-Erofe'ev equation, n=4)

a? =kt One-dimensional diffusion

(1-a)in(1—a) + o = kt Two-dimensional diffusion

(1-(1-0)3)2 =kt  Three-dimensional diffusion (Jander equation)

2
1—%(} —(1-a)?® =kt Three-dimensional diffusion (Ginstling-Brounshtein equation)
—In(1—a) = kt First order reaction (Mampel)
1 .
—1=kt Second order reaction
(1-0)

E =kt Third order reaction
2\ (1- a)

l 3— 1|=kt Fourth order reaction
3 (1- (x)

( J Random nucleation (Prout-Tompkins equation)
aE =kt Power law (n=1/2)
1
a® =kt Power law (n=1/3)
1
a* =kt Power law (n=1/4)
a =kt One-dimensional phase boundary reaction (zero-order mechanism)
1
1-(1-a)?2 =kt Two-dimensional phase boundary reaction (contracting cylinder)
1
1-(1-a)® =kt Three-dimensional phase boundary reaction (contracting sphere)




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
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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 Kg,, 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 to mild
elevated temperature and various degrees of moisture levels. NF hydrates transformed
to anhydrous NF Form A after gentle heating at 60°C 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 disordered NF state were 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

Keywords: norfloxacin; hydrate; hydration; solid state; dehydration; interconver-
sion; X-ray powder diffractometry; thermal analysis

INTRODUCTION gram-positive bacteria.! Several research publi-

cations have indicated that NF has a potential to

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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DISCOVER SOMETHING GREAT

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.>® Meanwhile, amorphous state was also
generated and characterized.? 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.*? Variable-temperature Fourier Trans-
formed Infrared Spectroscopy (FT-IR) is used to
monitor the transformation between anhydrous

JOURNAL OF PHARMACEUTICAL SCIENCES 1
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and hydrate forms.'® 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 NHJ peak is also shifted to NHy 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.” 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.®

Various hydrate forms often have different
physicochemical properties and enormously affect
the pharmaceutical manufacturing processes in-
cluding dosage form performances.'™'® 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.!' 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.'* 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.’® and Ono
et al.'® 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.'”'® 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.® 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, OH®) 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 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.” 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
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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 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.®®
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 822° (Mettler Toledo,
Zurich, Switzerland) with STAR® software. Sam-
ple (6 mg) in an aluminum pan with one pinhole
was evaluated from 30 to 230°C at a scanning rate
of 10°C/min under nitrogen purge at 60 mL/min.
TGA/SDTA 851° (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.'® 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 moni-
tored using 720 KFS Titrino and 703 Ti Stand
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(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 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 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
0.04°20 with a scan speed 5°26/min from 5° to
35°26.

Fourier Transformed Infrared Spectroscopy (FT-IR)

ATR FT-IR model Spectrum One®™ (Perkin—
Elmer, Shelton, CT) was employed to observe
the changes in peak positions 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
wavenumber in the range of 450 to 4000 cm ™.
Stability Indicating High Performance

Liquid Chromatography (SI-HPLC)

SI-HPLC method was modified from the method
used by Cordoba-Borrego et al.?° 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
(80°C) in an oven up to 8 h. 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
JSM-5410LV (JEOL, Tokyo, Japan) at 15 kV. The
sample was carefully attached on the metal stub.

JOURNAL OF PHARMACEUTICAL SCIENCES
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It was then coated with gold by Sputter coater
SCD040 (Balzers, Liechtenstein) for 3 min at
0.05 mbar, 15 mA 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. 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 25°C 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 25°C.%%?2
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

(Drierite™) and monitored 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 60°C was selected in an
attempt to avoid chemical degradation. NF
hydrates were placed in the drying oven at 60°C
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.?324 DSC experi-
ment confirmed a single sharp endotherm at a
temperature range of approximately 220 to 225°C
for anhydrous NF (Fig. 1A). XRPD of anhydrous
NF (Fig. 2A) showed characteristic peak positions
identical to those reported for NF Form A.>%° 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—-140°C. 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
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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).

recrystallization method was compared to dihy-
drate NF single crystal X-ray diffraction data
reported by Florence et al.® 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 MERCURY" 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
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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).

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—
130°C (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 100°C (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 120°C
followed by a smaller endotherm at approximately
140°C. 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 XRPD patterns
were essentially the same as XRPD of the
hemipentahydrate NF and the pentahydrate NF
reported by Yuasa et al.’

DOI 10.1002/jps
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Table 1. Water Content (KF), Percent Weight Loss (TGA) and Stoichiometry between NF and Water Molecules

Stoichiometry
KF Water TGA % (NF:Water
Method of Preparation Content (%) Weight Loss 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.

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 disordered NF state. DSC and TGA of the
disordered NF state are shown in Figure 1B 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 study. The sharp exotherm
was possibly due to the rearrangement of
NF molecules after water molecules 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 t0 120°C 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 160°C (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

Figure 4. 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 5. XRPD patterns of disordered NF state (A), after D-I (B), after D-II (C), and

anhydrous NF Form A (D).

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%).232* 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 26.20°26. 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 ! indicating C=0 and C-O
bond stretching of carboxylic group, respectively.
When water molecules are incorporated in to the
crystal structure, the response of C=0 and C-O
are found to gradually decreased as a function of
increased number of water of crystallization.®
Meanwhile, the responses at 1584 and 1340 cm *
of carboxylate anion are markedly increased. The
above results suggested that structures of
the carboxylic group in these hydrates are the
carboxylate anion.' In addition, the responses in
the regions of 3700-3250 cm ' owing to OH
stretching were clearly present in all NF hydrates,

DOI 10.1002/jps
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I,

pentahydrate NF

100%RH

8% RH

328%RH

11.3%RH

disordered NF state

Figure 6. XRPD patterns of disordered NF state exposed to different relative humid-

ities for 7 days.

signifying hydrogen bonding between carboxylic
group and water molecules in the crystal struc-
ture.'? The FT-IR spectrum of the disordered NF
was also investigated. The presence of peaks at
1581 and 1334 cm ! confirmed the occurrence of
carboxylate anion identical to other hydrates and
limited responses at 1732 and 1253 cm ! indi-
cated that C=0 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.?>?% The anhydrous
NF Form A placed under different relative
humidities were found to form varying stoichio-
metric NF hydrates.>® 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 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 pentahydrate NF by XRPD.

JOURNAL OF PHARMACEUTICAL SCIENCES



10 CHONGCHAROEN, BYRN, AND SUTANTHAVIBUL

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

stoichiometric hydrates of NF.

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 raw material. 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 6.48°26 and 25.48°26 of
pentahydrate NF and hemipentahydrate NF,
respectively. Increasing the moisture level was
found to accentuate the intensity of the peak at
6.48°20. Meanwhile the intensity at 25.48°26 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 showed mixed characteristics

DOI 10.1002/jps
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Figure 8. Dynamic water vapor sorption and desorption isotherms of anhydrous NF

Form A at 25°C.

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

i

1§

2
“20)

discussed earlier. The XRPD pattern of the
hemipentahydrate NF at 0% RH is illustrated
in Figure 10. The characteristic peak at 25.48°26
was slightly shifted to lower angle of 24.84°26
which corresponded to the anhydrous NF Form A.
Meanwhile, the intensity at 26.68°28 gradually
decreased as a function of exposure time. The

pentabydiate NF

100% RH

8™ RH

84% RH

81% RH

%% RH

ST RH

$%RH

anbydrous NF Form A

2 k)

Figure 9. XRPD patterns of anhydrous NF Form A under different relative humid-

ities for 7 days.

DOI 10.1002/jps

JOURNAL OF PHARMACEUTICAL SCIENCES



12 CHONGCHAROEN, BYRN, AND SUTANTHAVIBUL

Jo

i

ahydrous NF Form 4

90 days

60 days

hemipentaliydrate NF

% 3 3

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

function of exposure time.

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 24.84°26 of the
sample were found to be of the anhydrous NF
Form A. Peak positions at 7.52 and 25.40°26 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 NF was 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.?’73° In this study, a mild temperature of
60°C was selected to minimize potential chemical
degradation associated with higher temperatures.

The disordered NF, hemipentahydrate NF and
pentahydrate NF were heated at 60°C 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.?>2* Note that the
heated pentahydrate NF resulted in a similar
XRPD pattern to that of the anhydrous NF Form A
but with two additional peaks at 7.52 and 25.40°26
(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
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Figure 11. XRPD patterns of trihydrate NF under desiccant (0% RH) as a function of
exposure time.
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Figure 12. XRPD patterns of anhydrous NF Form A (A), disordered NF state (B),
hemipentahydrate NF (C) and pentahydrate NF (D) after heated at 60°C for 48 h.
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Figure 13. XRPD patterns of dihydrate NF after heated at 60°C for various time

period.

phase was generated after thermal dehydration
for 48 h. However, the peaks at 10.60, 11.32 and
13.16 and 25.00°26 corresponding to the dihydrate
NF were still present. Extended heating time of up

I

to 1 month gave material 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

anhydrous NF Form A

30 days

48 howr's

trihydrate NF

rr» o +1r v ... . ... .. v . .. .. .. ... .. 1.t 1T T T T

§ 10 1§

I 30 35

Figure 14. XRPD patterns of trihydrate NF after heated at 60°C for various time

period.
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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 24.84°26. Additional peak
positions at 7.52 and 25.40°26 were also noticeable
and related to the hydrated transitional phase
(Fig. 5B) while the trihydrate NF peak at 23.36°26
remained pronounce indicating 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 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
60°C (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

15

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 60°C where the residual peaks of
hydrated transitional phase remained present
with the anticipated anhydrous NF Form A longer
than specified in Scheme 1 even after 7 days of
exposure.

1 * %
groene dihydrate trihydrate 7 ddys
E 600CI 48 Ius E IPA/Water’ : 0% RH, 7 days
: : T 60°c 43 ms
: : NHOH** |
§ 100% RH, 7 days \ \j
E vereeeneens > hvd F 66°C
t o ioosRe,7ags | ANYCTOWS T OT A |em—1| disordered state
P tbrsoor i 10MGRH] A
: s | 7as | 160
: : T 100% RH | |0% RH,
: : 100% R, ; 7days | | 7 daps
: 60°C,48 hrs L day ;
: \ :
: . 100%
: hemipentahydrate T';;" pentahydrate | e
i

H

Scheme 1. Summary of the solid state interconversion of anhydrous NF Form A and
its hydrates (—, complete transformation; ----, incomplete transformation; T, hydrated
transitional phase; *, 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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Table 2. Relative Rates of Norfloxacin Solid State Transformation Which Induced Observed Solid Morphology at

Specified Conditions

100% RH 0% RH 60°C
From To Time (Day) To Time (Day) To Time (Day)
Anhydrous Hemipentahydrate® <1 Anhydrous Stable Anhydrous Stable
Pentahydrate 7

Dihydrate Pentahydrate® 7 b Anhydrous® 30
Hemipentahydrate Pentahydrate 7 Anhydrous® 90 Anhydrous 2
Trihydrate Pentahydrate 3 Anhydrous” 90 Anhydrous® 30
Pentahydrate Pentahydrate Stable Disordered state 7 Anhydrous® 7
Disordered state Pentahydrate 7 Disordered state Stable Anhydrous 2

“Indicates mixture of XRPD patterns between the original and the resultant solid morphology.

®Not observed.

CONCLUSIONS

NF hydrates could be generated by wvarious
approaches. The approaches used in this study
include slow recrystallization from mixture 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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Fwd 1w saneglusmuzadugwazianumanialums
szanpih ldaannniuieaglusniuzndn
fImanaTnIsNAlslunseTsunsTa mwsawlngas
ayj’iugﬂmauv’ﬁmﬁﬂ (crystalline  solid) mﬂﬂdwgﬂaé’r‘mgm
(amorphous form) atnslsfiany aslunguifisnuuziu
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panauINUYnIAaaaFIuTeIluanaveIaITRANG e
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ANBULNIIATIABIATRzAEBUNIS InlATIaianan
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lumandsnssuamansnwuUuuy clathrate  laluingdiu
UN4Tiia 1% warfarin USP 24"

nITINAImIanIIIaToIivadlutanadiitazany
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PUABUNIAT |6 Lﬁ@dﬂﬁﬂﬁﬁaaﬂﬂIuLaqamaaﬁaﬁwazmﬂ
dunideanannlaseaenanveszsialaziian1saunse
wansandutuidn 9 dies dredemsineismIsavia
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a3 1
ﬁa%’ﬂ‘fiﬁwaﬁiamiaﬂmuﬂﬂawgnﬂﬂﬁqymﬂﬁﬂ
solvation-desolvation 7 11990WIN Aa FRAYDIAIN
sa19ounsgnltlunsvinlfiia molecular adduct lag
wuhaseinanafialesianilesunsaiianissiudaniy
Imaqamaaﬁaﬁm:mu’éuﬂ%ﬂﬁmﬂﬂimﬁwﬁ@ wei bal
a"%ﬂuﬁisﬁanmﬂ 9 1haazaU1ILAG desolvation LA
A lhsuraeuntaianasle wanani 35n15%7
desolvation  §311ANEATYFINIIAAVUIAB YA
wunw laswuinloarashaidoanuiialddsnisvn
desolvation AuandiwenaswnTn ladarnazansdunss
sananlonalduandsnu Seezdinafisanuaunsaly
MIAAYWIADYNNAVDIFTT
fadudeniiinadenisaasmiaayna fie gmngdils
Lﬁavla'IuLaqamaaéﬁﬁﬂazmﬂﬁuw‘%ﬁaaﬂmnimaﬁn Faaz
dInalanassdaninuannInlun1IaaIuInenna a1n
NN3AN®I289 Chinapak wuiufiael%qnmn“ﬁﬁ@ﬁuﬁuvlﬂ‘lu
ﬂ’liﬁ’l%ﬂﬁ’l@ﬂﬂﬁ]’]ﬂ beclomethasone dipropinate

monohydrate  azliau1InAAIUIAEYNIAVRIAN TR LG

lummzﬁLﬁai"ﬁ”qm%gﬁ'ﬁ'ga%m:ﬁﬂs:ﬁﬂ%mw’lummﬂ
PUR0KNA lAaIATNIAIAY Lﬁ@x‘]ﬁ]’]ﬂﬂ’lil"ﬁqm%nuﬁﬁ
@’i'nﬁu"l,ﬂa:"l,sjmmmmﬁmﬁﬂﬁtﬁﬂmwvl,ajawymfmaa
Tassasfiunnwe ssiunsldizannnudusanniumsiia
qmugmumﬂdé’aﬁmzmuauw‘%ﬁﬁuﬂumuﬁaﬂﬁ
mmzamiamsa@mmﬂamgmﬂﬁmmﬂﬁﬂﬁ WRZEILANIZAY
fenfiladonnusansnaay 11w sulfathiazole  ammonia
adduct %aqm%gﬁﬁgaﬂszmm 80 admwalduaazl
W BINadan1s deammoniation 39684 ENITAAANNAUIIA
#183939z819130'ld ammonia 28n3NlATIEIIVDS
sulfathiazole 'l&f wananiitasofAudasiusiuansay
(cycle) 1aIn13%" solvation Wz desolvation €98INABENT
%’@Lﬁm@ime(ﬂau;mﬂ“?ivlﬁué'ammhum:mumsf: LT %
griseofulvin chloroform adduct ijaﬁhuﬂ’li'ﬁﬂ solvation Uae
desolvation 3141 2 sauﬁﬂﬁmm@mgmmﬁﬂadﬂiwﬁ'uﬁu
Tl ornunszuanmsiiiuimwinsanundunaulis
Na@i@ﬂ’lia@mu’]@]mgn?ﬂm LLae chloramphenicol palmitate

. =9 o A a o 15
ammonia adduct A MHALMAANIILAEINY

'
o

agnalsnany msammﬂagmﬂﬁm%%msi{ Fofidey
Lm:ﬁ‘hLﬂu@iamiﬂiuﬁawammmm&mﬂﬁﬁﬂaaﬁawq
Fugufionafaduléwdanniane molecular  adduct
s‘saJﬁaﬁ:ﬁ’m:mﬂ’éuw%ﬁﬁmwnﬁwa%iluamgmﬂfu'jwﬁ
ﬂ'%mmmnﬁamag'sl,ul,nmﬁ"?iﬂam%uvlﬁw%avlﬁ Laza19zLiia

é’ummﬁ'mjflﬂﬁﬂ%avlaj

A13191 1 ﬂ’]‘iﬂ@]"ll'uﬂ(ﬂa%&ﬂﬂﬂmadﬁ?iu’]d“ﬁﬁﬂﬁ?ElL‘Y]ﬂﬁﬂ solvation-desolvation

Chemical Solvent Desolvation method Reference

Barbiturates Ammonia mnﬁuqmmgﬁiwﬁ‘umsa@mwﬁu 13
Sulfonamides Ammonia nﬁiLﬁuqmwQﬂiauﬁunﬂsaﬂmmﬁu 14
Chloramphenicol palmitate Ammonia nﬁiLﬁuqmwQﬂiauﬁunﬂsaﬂmmﬁu 15
Chloramphenicol Ammonia nﬁiLﬁuqmwQﬂiauﬁunﬂsaﬂmmﬁu 15

Pyridine mﬂﬁuqmmgﬁiwﬁumm@mwﬁu 16
Griseofulvin Benzene maviuisitanuds (freeze drying) 17

Chloroform mnﬁuqm%qﬁiauﬁunwsa@amué’u 18

Dioxane msl,ﬁuqmwn“ﬁi’wﬁ‘umia@mwﬁu 19
Beclomethasone dipropionate Water Isothermal dehydration 20
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AnENT AN MiawazdsUsmnanysvisalunisia
mzBneny 39ldianunsonylunisvanitnsuaalay
MILANTUFIUeAIEN (excipient)  THhA19 9 089
WRIMLLAINTZUIRNNINRABLNA paracetamol G835
25 Ve oA oA A
AAINRANY watdufsinaulaiiie paracetamol L
solvation MU dioxane W&IH19@ dioxane 8anNWANT L6 9z
Mgumdnasuuladldnnisudulasdanunaninn
X e o A . o
A M lin T naTeIHI 1A uRA LS MR URI TR INAN 9T
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a 226
paracetamol azmrmmﬁum:aﬂﬁunummam%

mafalonaluszainmszuiumIndaainnsatianls
Lﬁal,ﬂﬁﬂw,l,ﬂmauﬂ'a“uaagﬂwﬁﬂmaamimwﬁﬂﬁ Wong
Uae Mitchellz7 Anwn hydrate form <283 chlorpromazine
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Review Article
Pharmaceutical Applications of Chemical Solvates
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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.
Keywords: Solvate, hydrate, pseudopolymorphism, particle size reduction, physicochemical properties
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