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Figure 34 SEM photomicrographs of dehydrated trihydrate NF during isothermal
dehydration after the complete dehydration with respect to Ty (left column at the

magnification of 35, right column at the magnification of 3500)
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95 °C

Figure 35 SEM photomicrographs of dehydrated pentahydrate 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 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 QL) (0.93 to 0.97 of QL)

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 T;,, 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 trihnydrate NF and pentahydrate NF. These results were
similar to the total enthalpy of dehydration from regular NIDSC of trihydrate NF (557.95 J/g)
and pentahydrate NF (614.65 J/g). Thus, it should be reminded that IDSC method for the
determination of dehydration energy of NF hydrates would lack the initial portion of the total
dehydration energy. However, the dehydration energy from IDSC could preliminary be used
to roughly evaluate the relationship between the stoichiometry of hydrates and required

energy for dehydration.
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Figure 38 The regular non isothermal DSC (NIDSC) thermograms of some NF hydrates at
the heating rate of 10 °C /min
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Figure 39 Model of NIDSC thermogram (X to A) before IDSC thermorgram (A to C) of NF

hydrate during isothermal dehydration
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The relationship between the stoichiometry of NF hydrates and total dehydration

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

Another factor which may govern the accurate calculation of the total dehydration
energy is the positioning of water molecules within the crystal lattice. The model NF
hydrates used in this study may have several sites for water molecules to reside. Thus,
dehydration occurred in several steps and may lead to inaccurate calculation of energy for
dehydration. A future good model proposed for the methods used in this experiment to
prove the correlation of dehydration energy to the stoichiometry should have only one lattice

site for water molecules to reside no matter what the stoichiometry should be.
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Figure 40 The relationship between stoichiometry and dehydration energy of NF hydrates

obtained by different calculation methods (‘ IDSC method alone, O regular NIDSC)
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Isothermal Dehydration of Dihydrate NF

Due to a difficulty in the reproducible production of dihydrate NF, the amount of
dihydrate NF was very limited. Therefore, this study could not be performed with a typical
IDSC as described in the experimental method section due to limited amount of sample.
Thermo microscopy was alternatively chosen as preliminary investigation on the particle
size reduction via thermal dehydration. Single particle of dihydrate NF was placed on glass
slide over heating station of hot stage (HSM) without immersing oil under different T;,,. 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;,,. (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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15kU X108 188km 23

Figure 42 (cont.) SEM photomicrographs of dihydrate NF after 360 mins of isothermal
dehydration with respect to different T,,. (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
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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)-O(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)-0O(32)
A-—B  O(1W)-O(32) 2.986 163.24 Moderate to
H-A O(1W)-H(1W1) 0.950 Weak
H----B  H(1WI1)-0(32) 2.064

O(AW)-H(2W1)-O(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(2WI)-O(2W) 1.966

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

A----B O(2ZW)-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)-0(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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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 C1sH1sFN305.2H,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
VA 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 A3 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 Kga, 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 (Kgnan)-

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.
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CONCLUSIONS

NF hydrates, was obtained from different methods. Different stoichiometry NF
hydrates (dihydrate NF, hemipentahydrate NF, trihydrate NF and pentahdrate NF) were
generated. Dehydration with desiccant of the pentahydrate NF resulted in the disordered
NF, a new hydrated phase which has not been reported elsewhere. The levels of
environmental moisture and temperature greatly affected the transformation of not only the
anhydrous NF Form A but also the other stoichiometric hydrates. However, the reduction of
moisture in an environment was less effective in removing crystalline water of NF hydrates.

The thermal dehydration behavior of hemipentahydrate NF, trihydrate NF and
pentahydrate NF found to be complex and composed of at least two steps of dehydration.
Unclear dehydration stages were found in the dehydration of hemipentahydrate NF whereas
clear steps of dehydration were detected after thermal dehydration of trihydrate NF and
pentahydrate NF. An incomplete dehydration of hemipentahydrate NF, trihydrate NF and
pentahydrate NF generated the mixture of hydrated transitional phase and the anhydrous
NF form A. However, the pure anhydrous NF Form A was found after the complete
dehydration of the above three NF hydrates. Thermal dehydration induced only minor
particle size reduction of hemipentahydrate NF, trihydrate NF and pentahydrate NF when
statistically determined. However, when observed visually by SEM, thermal dehydration did
not induce particle size reduction to the extent seen with BDM. Dehydration energy of
different stoichiometry of NF hydrates obtained by regular NIDSC correlated well with the
general conclusion that less energy of dehydration was required for the lower stoichiometric
hydrates. However, the dehydration energy of trihydrate NF and pentahydrate NF were
within the same range. It may be due to the location of water molecules and the strength of
hydrogen bonding within the crystal lattice. The 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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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.

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 A, 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
d|A
Rate = % = —k[A]

By intergration

—lnﬂ:kt

[A]
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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
da
Rate=— =k(1 - a)
dt

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

several factors. It can be commonly illustrated as

da
— =kf
- k@)

and

g(a)=kt
where f(Ql) 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 RT

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.

o _ o v p(g)
dt

and
E

a

g(a) = Ae Rt
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SOLID STATE KINETIC EQUATION

(Byrn et al.,

1999; Dong et al.,

2002)
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Model

Mechanism

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

1
[— ln(l—a)]5 =kt Two-dimensional growth of nuclei (Avrami-Erofe'ev equation, n=3)

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

2 =kt One-dimensional diffusion

(1-a)in(l—a)+a =kt

(1-(1- oc)g )> =kt Three-dimensional diffusion (Jander equation)

2

1- E oa—(1—a)? =kt Three-dimensional diffusion (Ginstling-Brounshtein equation)

—In(1-a) =kt
1
(1-a)

)
)

( J Random nucleation (Prout-Tompkins equation)

a5:m Power law (n=1/2)

o’ =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
I-(1-a)2 = Two-dimensional phase boundary reaction (contracting cylinder)

1

1-(1-0)3 =kt

Two-dimensional diffusion

First order reaction (Mampel)

—1=kt Second order reaction

Third order reaction

Fourth order reaction

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
24775
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

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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+662-218-8276; Fax: +662-218-8279; E-mail: pooh@aut.co.th)
Journal of Pharmaceutical Sciences
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DISCOVER SOMETHING GREAT

gram-positive bacteria.! Several research publi-
cations have indicated that NF has a potential to
form various solid state forms especially hydrates.
Two forms of anhydrous state, Form A and B,
were discovered and recently found to be enantio-
tropic.>® 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 NH, 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, NdJ), 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/mlL.
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°26 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.
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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.%1?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
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(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
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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
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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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Kl
)

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).
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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.’
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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
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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,
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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 ecm ™' 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
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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.
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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
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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

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°20 gradually
decreased as a function of exposure time. The

pentabydiate NF

100% RH

93.3% RH

§7% RH

84% RH

81% RH

%% RH

ST RH

$%RH

anbydrous NF Form A

3

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

ities for 7 days.
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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
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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.?>?* 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
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Figure 11. XRPD patterns of trihydrate NF under desiccant (0% RH) as a function of
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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

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
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48 howr's
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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°20. 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

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, 7days
: : T 60°c, 48 s
: : 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
: e | 7ds | § 60
: : T 43 100% RH | |0% RH,
: : 100% R, ; 7days | | 7 daps
: 60°C,48 hrs D <lday i
: \ :
: . 100%
: hemipentahydrate T';;" pentahydrate | e
i

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 various
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.

ACKNOWLEDGMENTS

Sincere gratitude is directed toward The Thailand
Research Fund (TRF), Chulalongkorn Univer-
sity Graduate Scholarship to Commemorate the
72nd Anniversary of His Majesty King Bhumipol
Adulyadej and the Graduate School, Chulalong-
korn University for financial support and to
the Government Pharmaceutical Organization
(GPO) for the assistance on KF studies. A special
appreciation goes to Dr. Phillips E. Fanwick
for single crystal X-ray structure elucidation of
dihydrate NF.

REFERENCES

1. Turel I. 2002. The interactions of metal ions with
quinolone antibacterial agents. Coordin Chem Rev
232:27-417.

2. Sustar B, Bukovec N, Bukovec P. 1993. Poly-
morphism and stability of norfloxacin, 1-ethyl-6-
fluoro-1,4-dihydro-4-oxo-7-(1-piperazinil)-3-quino-
linocarboxylic acid. J Therm Anal 40:475-481.

3. Barbas R, Marti F, Prohens R, Puigjaner C. 2006.
Polymorphism of norfloxacin: Evidence of the enan-
tiotropic relationship between polymorphs A and B.
Cryst Growth Des 6:1463-1467.

4. Budavari S. 2001. The merck index. 13th edition.
Merck and Co, Inc. White House, NdJ.

5. Katdare AV, Ryan JA, Bavitz JF, Erb DM,
Guillory JK. 1986. Characterization of hydrates
of norfloxacin. Mikrochim Acta 3:1-12.

DOI 10.1002/jps



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

SOLID STATE INTERCONVERSION OF NORFLOXACIN HYDRATES 17

Florence AdJ, Kennedy AR, Shankland N, Wright
E, Al-Rubayi A. 2000. Norfloxacin dihydrate. Acta
Crystallogr Sect C56:1372—-1373.

Puechagut HG, Bianchotti J, Chiale CA. 1998.
Preparation of norfloxacin spherical agglomerates
using the ammonia diffusion system. J Pharm Sci
87:519-523.

Mazuel C. 1991. Norfloxacin. Analytical Profile of
Drug Substances. pp. 557-600.

Yuasa R, Imai J, Morikawa H, Kusajima H,
Uchida H, Irikura T. 1982. Pharmaceutical studies
on hydrates of AM-715. Physical characteristics
and intestinal absorption. Yakugaku Zasshi 102:
469-476.

Hu T-C, Wang S-L, Chen T-F, Lin S-Y. 2002.
Hydration-induced proton transfer in the solid
state of norfloxacin. J Pharm Sci 91:1351-1357.
Khankari RK, Grant DJW. 1995. Pharmaceutical
hydrates. Thermochim Acta 248:61-79.

Byrn SR, Pfeiffer RR, Stowell JG. 1999. Solid state
chemistry of drugs. 2nd edition. West Lafayette, IN:
SSCI Inc.

Byrn SR, Xu W, Newman AW. 2001. Chemical
reactivity in solid-state pharmaceuticals: Formula-
tion implications. Adv Drug Deliv Rev 48:115-—
136.

Swaminathan V, Kildsig DO. 2001. An examination
of the moisture sorption characteristics of commer-
cial magnesium stearate. AAPS Pharm Sci Tech
2:28.

Kobayashi Y, Ito S, Itai S, Yamamoto K. 2000.
Physicochemical properties and bioavailability of
carbamazepine polymorphs and dihydrate. Int J
Pharm 193:137-146.

Ono M, Tozuka Y, Oguchi T, Yamamura S,
Yamamoto K. 2002. Effects of dehydration tem-
perature on water vapor adsorption and dissolution
behavior of carbamazepine. Int J Pharm 239:
1-12.

Katdare AV, Bavitz JF. 1984. Hydrate related
dissolution characteristics of norfloxacin. Drug Dev
Ind Pharm 10:789-807.

Katdare AV, Bavitz JF. 1984. Study of the relation-
ship between the initial rate of moisture sorption/
desorption on norfloxacin tablets to the total moist-
ure and temperature of surrounding environment.
Drug Dev Ind Pharm 10:1041-1048.

Vitez IM, Newman AW, Davidovich M, Kiesnowski
C. 1998. The evolution of hot-stage microscopy to

DOI 10.1002/jps

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

aid solid-state characterizations of pharmaceutical
solids. Thermochim Acta 324:187-196.
Coérdoba-Borrego M, Cérdoba-Diaz M, Cérdoba-Diaz
D. 1999. Validation of a high-performance liquid
chromatographic method for the determination of
norfloxacin and its application to stability studies
(photo-stability study of norfloxacin). J Pharm
Biomed Anal 18:919-926.

Nyquist H. 1983. Saturated salt solutions for main-
taining specified relative humidities. Int J Pharm
Technol Prod Manuf 4:47-48.

Kotny MJ, Conners JJ. 2002. Water sorption of
drugs and dosage forms. In: Swarbrick J, Boylan
JC, editors. Encyclopedia of pharmaceutical tech-
nology. 2nd edition. New York: Marcel Dekker Inc.
pp. 2970-2987.

The United State Pharmacopiea (Asian Edition).
2004. 27th edition. Rockville, MD: United States
Pharmacopeial Convention, Inc.

British Pharmacopoeia. ed. 2002. The Stationary
Office. London, UK.

Zhu H, Yuen C, Grant DJW. 1996. Influence of
water activity in organic solvent + water mixtures
on the nature of the crystallizing drug phase. 1
Theophylline. Int J Pharm 135:151-160.

Zhu H, Grant DJW. 1996. Influence of water
activity in organic solvent +water mixtures on
the nature of the crystallizing drug phase 2. Ampi-
cillin. Int J Pharm 139:33-43.

Lin S-Y, Chien J-L. 2003. In vitro simulation of
solid-solid dehydration, rehydration, and solidifica-
tion of trehalose dihydrate using thermal and vibra-
tional spectroscopic techniques. Pharm Res
20:1926-1931.

Willart JF, Gusseme AD, Hemon S, Descamps M,
Leveiller F, Rameau A. 2002. Vitrification and
polymorphism of trehalose induced by dehydration
of trehalose dihydrate. J Phys Chem B 106:3365—
3370.

Landgraf K-F, Olbrich A, Pauluhn S, Emig P,
Kutscher B, Stange H. 1998. Polymorphism and
desolvation of flupirtine maleate. Eur J Pharm
Biopharm 46:329-337.

Hakanen A, Laine E. 1995. Characterization of two
terfenadine polymorphs and a methanol solvate:
Kinetic study of the thermal rearrangement of
terfenadine from the methanol solvate to the lower
melting polymorph. Thermochim Acta 248:217—
2217.

JOURNAL OF PHARMACEUTICAL SCIENCES



Review Article

U a Vv Q
msﬂ‘szqnmﬂmﬂmﬂafeﬁanm‘lumama%mw

Tudy a0ty Tanfiesh yynunaed* usz ugws gaamiyad’

' 159 widnn Buluan $ra

? MAIT AN MBS INITNUALIN TR AN TTY
RNRUWLARTA TRz TENENaamalulad, gudwianTsunsuaznian urigunn
AnznFTENaad 9IaInTalumIINgAY

* Corresponding author: Veerakiet.B@chula.ac.th

Q 1

namea
a A a ' = Ada v A a o ' A o o

stiznaumaefidszinnfiFondt leana (solvate) nanadls asaiiidlasseiufifannmmuiusznivaneiinanivluans

o d Ao , . e oA " e o o ad o &
vaIdIAzAY (solvent) TaflaandiulasiumiudanufinsiuouauiSanuaunus (stoichiometry) lunsdifiluianavasdarinazanouu
dwihdsgnaveglulanaiimasmszGonasdsznauuui laiaia (hydrate) lasmldloananialainsaziiaui@maaiimonin
wandsluannasnulugulifidaazas quanddamnan wu anwlnald auddlunsbeinnz anumaninaandald aniwazas

v A A @ v oW v v R A s Ao A o ead A ' o
vLﬂ LEDEININNINNIEATWLAE AN LTIwan ﬂ'JULW@!NQTWG@]%QG&JﬂWiﬂﬂHW?ﬂiJLWau']Lﬂ’lﬂiZIfJ%WﬂLﬂ%aﬂ??’ﬂadlsﬁaLQ@lquL“ﬂﬂ’lﬁ

o a Y wn & A a & ada o« a Ay
LARTNITN I@]ULQW’]:LWaﬂiuﬂ?ﬁﬂmﬁ“u@@’m 9 Tadwﬁﬂﬁiaa%ﬂqﬂmaﬂﬁ’]ﬂ,ﬂm wanInNu ﬂ’]'J:“llaﬂﬁ’]iLﬂﬂJVlLﬂ(ﬂLﬂuIBﬁﬂL’J@]"ﬁuﬂﬂvLN

Dwldaudanmduiug (nonstoichiometric solvate) fifidszlomilunisdszyndlimansanssuuaznaadisun

o o

ANFIATY: I‘HE‘]L’J@], "lal,mm, m’;:wné’fmgﬂw,ﬁw, NMIRAVRINDYLNNG, FuUANaLAInanw

Thai Pharm Health Sci J 2009;4(3):377-386§

UNW

fsUsznaumaail (chemical compounds) &W130
(solid
properties) laplFansme3lininiouan (habit) 134 3UN3

Jautidsziananuantanaga I wuaduds state
' A =3 s > a a
@9 9 vaseumeaniandn uazlaslfansmznisdaiteei
9a3laT9as9nelu (internal structure) MINRANTINANBEIUS
s a Qs v &) 6 ]
mMydaisssavedlassansnmeluduinuat azanunsauys
v & ' oA A oA Aa
Uszinnvasansidilusesngn launguiinils da a3ndl
ANBULNITIASLIAIVDIRUILUAAND (lattice  unit) aeind)
sudouuuuung wWIafiSuninaauskan (crystalline state)
oA A Aa o o A o Ao A i
uwazngufiges Ao asfifiansmznisiaGuadafidasznie il
{ ' o =

WULWNY %I87I3ENIENUEaRIAFIU (amorphous state) 9

msﬁ'{iaaaﬂ@:uﬁﬁqmauﬁamomﬁmﬂmWﬁLmn@mﬁ'uIM

§ 14" year of Srinakharinwirot Journal of Pharmaceutical Science

Fwd 1w msfegluanuzadugiwazianumansalunis
SV oa oA K =
azanpih lddannniufeagluaniuzwdn
o A a o o &1 '
sImansrnssuildlumaeiounarnmwiaiulngaz
aglugduaaudandn (orystalline solid) anningdadmgu
' = \ Aa o &
(amorphous form) atndlafiana mslunguifisnumuziiu
voudInAniaIffianauuandInazaMInAINRAIBALNIN
2 o v o = ) v &
i ldaansnduunanslunguiiadnindie g ladu 2
' v ' A = Aa o A o
nga ldun nguuIndadumsffilasiaiavasaaafingn
A A a A Aa A . . ] a
WoIrialdinIatauiiaiaen (single entity) F98138AY
wane1snuaIn1ITassdInelulasigianianisanin

1-4 oAl <
) LLN&ﬂE\]{&J'ﬂﬁﬂG‘HU

ﬂ’mﬁﬂnnanﬁmjﬁu (polymorphism
a1 3n A Tas9a3 9N AN NNIITINABIERINIFITL AT RN
. . . - o v

ﬂquLaqamaomaﬂwa:aw yBUNIHTIaNaRNNLIIND A8

ondunansdaznavlunguiti loana (sovate)  wia

Thai Pharmaceutical and Health Science Journal, Vol. 4 No. 3, Jul. — Sep. 2009 377



molecular adduct %oLﬂumg"umsﬁvlﬁ%'ummaulﬁ]ﬁau e
wudnﬁﬂ”aﬁ%maﬂi:msﬁ'mmmﬁﬂﬂﬂs:qmﬂﬂuma
wnFwnssN leaenalus=anTn1w n13iia molecular adduct
7138 solvate a:%uag’ﬁ'uqmauﬁ'ﬁmaLﬂﬁl,m:mumﬁ
mm:awa\ﬂwLaqaéhﬁm:mﬂﬁa:mminayﬂﬂmm%a
YIFNTLANAAN 1A b T AIBUTINIRUTZAT AN NN
°nawmcﬂ@iaﬁaa'mluiuLaqa*’uaamwﬁﬂﬁmu LRzIZA D
au1inag ldadaafissluaniizdn@dndas nvsifia
miﬂs:ﬂauﬂixmﬂﬁfmagﬂL%ﬂﬂ"l,@ivhﬂn:wnﬁmgmtﬁmJ
(pseudopolymorphism)™>°  atinelsfian LLﬁdwqmauﬁaﬁ
WRAIBONUBINAFTUFIULABA (pseudopolymorphs) 9]
5ﬂwm:ﬁﬂ§wﬁqu§m§m (polymorphs)  wiluanutin
CRN[Ip) ﬁﬂ‘mu,:LLa:qmauﬂamaawqﬁmgmLﬁme&hf:Lﬁm
awnIuLaqamaaﬁaﬁwa:awﬂﬁusigﬁaaamminaglu
Tassaisvasasnanlafiuaafionin (crystal lattice) 189
ssvansiwlylddswudasldaniduas 39lbea3en
Usngmisainisiianewndugiwifisndndun1iewg
qougulel

Molecular adductﬁﬁiumqamaaﬁwgn%uvl,ﬂuimaa%a
wan fonFonit lawasa (hydrate)®" lumandonssvas
wudﬁmqaumamaiwmumﬂﬁamwﬁL‘flu"l,mmm LT
ampicillin trihnydrate L8z amoxicillin trihydrate wen %dﬁ
ﬁaamﬁan'ngﬂu,uuﬁ'ﬂsmﬁnnﬁw (anhydrous form) 8¢
wanodsems wenandt luussenleaateafiaunsaunds
panaunuFnIiadaaIusasluianazeIaIImanda
luanazasdriazaedunidlumstenudietnaaiios o
sanamihdwliiduausinmdu g (stoichiometry) 2
Sonloanasfiaiiin stoichiometric solvate Wiai3unaw g
1 solvate uadnaaawilidwllauUSun mduRug o
Sonloanalnaniiin nonstoichiometric  solvate @3aslu
mg'u nonstoichiometric solvates f:ﬂ'{immiml,ﬂdaaﬂmu
ANBUEMTIAEBIATRIIINRzansBunITlulassaanan
&3n TaedTo3unians 15w cage, channel w3o clathrate
lumandrnsswamansowuzUuuy clathrate  laluinndiu
11977 15U warfarin USP 24"

mﬁwé’fm%amsﬁ'@L%Uaﬁqmaaiwtaqaé'aﬁwazawa
sunidlulassaananiuandranudousinaliloaiind
sutanmsaiinmoninivanaislianieuiiaiagivesans

a a o 11 oA < @ v A A
THALALINY I(ﬂ&lﬂ’J’]&lLL@lﬂ@ﬂx‘i%@'ﬁlLﬂ%“ﬂ@vl@]L‘L]iil‘lJ'Vﬁa

dadrnavainisinanlaaianiltluntsasonysun le

aeuu unanufisldanunudsloriuszninlszgndly

Toaialunmangsnssusnad eI wnsnamnIIHE e
v a 6

WnETA e 11

ﬂ’lﬁaﬂﬂ%’]ﬂﬂ%ﬂ’]ﬂﬁ?ﬂLﬂﬂﬁﬂ solvation hae

desolvation

mnmmiﬁugﬂuﬁLﬁyaﬁaaﬁulﬂsaa§ﬂaﬂwaLﬂﬁu,a:
ANFINNTaluNsieTINALsERINlasIRTIInaNVa
msmﬁﬁ'ﬂwLaqa"uaaé”sﬁmzmﬂﬁuﬂ%ﬁﬁﬁmwmm:au
Aurtslususmanasduauianislassaiie (3 ATBIRER
uazm 3T eIa 1udw) ﬁﬂﬁmaqamaamsﬁ%aaammsn
atdnnuldadnaafinsdiousananuszdng 9 15U sz
lalasian (hydrogen bond) usemalwilnadia (electrostatic
force) AIDUTIINLADI AN (van der Waals force) TING
anudmzIaIMIIaiE oIz luanadiaruBunid
Tugasinsnaslassaimniinananals Walosaldsy
WIINTZGH (1w mﬂmﬂﬁwﬁoowulugﬂmmi*aw’%auﬁma
INg) ﬁ]:mminLi'w%aﬁ'mwﬁuﬁ:i:mwﬂuLaqa*’uaaéh
razansBunidnulaseainanan vililuianazesdaia
aranpngaganinlasaievan uazdinaliiinnanula
suyroilulassadisvedluianazasmaalnanuaz/mianns
Lﬁ@msm‘éyuuﬂmmﬁﬂL’%Udﬁwaﬂm{iﬁnmﬂﬂuLaqa
Mé’ﬂﬁﬁﬂmfﬂmﬂﬁﬂma:wqé’mgm

ﬂsrﬁﬁLﬁﬂmwsJVL&iaugsm‘luiasoa%wamaamsmﬁvxé’n lag
Sansiinssauasivaslassairomeluiliasuulsses
mmsnﬁwmﬂizqﬂm"lﬁﬁamsammﬂamgmﬂLLazmaﬁaNa
"Lﬂgjmnﬁwﬁvuﬁﬁwaam&mﬂﬁﬁmmmﬁnm %aa:ﬁﬂﬂgj
mafuanususalunisazaisvasenfiazassinldias
lavl#n3riaifia molecular adduct BasaTainulaLanae
Fazanofmunzay Ll,ﬁavléﬂmaqamaa@hﬁmmwaanmn
Iﬂsoa%"wéhﬁ%‘mnﬁluqquﬁiauﬁumm@mwﬁu Y
ukalbanuds (freeze  drying) ¥3an13lTusanagana
(mechanical stress) vxé’mnLﬁﬂ‘[ﬂﬁdﬁ%ﬂ{iﬁ"ﬁiauystﬁﬁa
Ws1zun9ud o133 WA s N L ANy 1% N1TUa
m&mﬂ@hmmLﬁmLﬁnﬁaﬂﬁﬁ]:mmmﬁﬂﬁmﬁnmaamiﬁ?u
wansanduduidin 9 16 i ldiAuianlassmanniuda

HRUNVBIRITNLYNNY Lﬁal,ﬁwﬁuaigmﬂriauﬁwmiam

378 Thai Pharmaceutical and Health Science Journal, Vol. 4 No. 3, Jul. — Sep. 2009



e udluuisasindsnwdsnanlianlynasaniiia
Iﬂsaaﬁnﬁvlajauystﬁl,l,ﬁ'sawa:"l,;\iﬁﬂ'a'mﬁ‘i'nﬁwiamsam
mm(ﬂmﬁmﬂﬁ"lﬁ LﬁaamﬂﬁﬁamﬂiuLaqamaaéﬁﬁmzmﬂ
dunideananinlaseanananzadansialaziianisaunde
uwansandutuidn 9 dies dredemfnedsmIsasiia
m&mﬂmﬁm solvation-desolvation method leaadlu
13197 1
ﬁa%’aﬁﬁwaeiamiaﬂwwmmgnﬂﬂﬁ'wmﬂﬁﬂ
solvation-desolvation # 11338U3n A8 FRAYEIAINI
sa198unsgnllunsvinlfiAa molecular adduct lag
wuaseinanaialesfianilesunsaiianissudaniy
Iutaqamaaé’aﬁm:maﬁuﬂ‘%ﬂﬁmﬂﬂimﬁwﬁﬂ Wwei baj
aﬁnﬂuﬁ‘[mmmnn 9 THAIERINIINLNA desolvation LAIAE
A lhsuraauniaianasle wenani 558n15%1
desolvation  §31ANEIATYFINIIAAVUINO YA
wunw laswuinloarashiadsanuiialddsnisvn
desolvation fuanasiuenasunInladarnazasdunss
sananlonalduandrenu Ssazdinaioanuaunsale
MIRAUWIADYNAVDIFT
fadudeniiinadanisaaruinennia fe gangdnls
Lﬁavléﬂmaqa“uaaﬁaﬁm:mUﬁu‘ﬂ%ﬁaaﬂmniﬂioa{w Faaz
dInalanasidaninuaInnInlun1InaIuInenna a1n
ANANHIVAY Chinapak” wuimﬁaiﬁqm%nﬂﬁﬁﬁmﬁﬂﬂlu
miﬁﬁ%’ﬂm{maﬂﬂm beclomethasone dipropinate

monohydrate  az'liauInaaruIneun1nvaIa IR L6

IummzﬁLfiai"fqm%gﬁ‘ﬁ'ga%mzﬁﬂs:ﬁw%mﬂumsm
PR RNA lAaIATNIAIAY Lﬁaamnmﬂ"faqm*m“ﬁﬁ
G‘iWLﬁu"Lﬂa:"l,stmmmﬁmﬁﬂﬁﬁﬂmmhjauwﬁmaa
Tassaafiunnwe soiunsleitaannueuiiniunsiia
qqumumﬂa‘é’aﬁm:mﬂﬁuw‘%ﬁﬁdlﬂumuﬁaﬂﬁ
mm:amiamsawmﬂamgmﬂﬁmmﬂﬁﬂﬁ: URZEILANIZAY
frenildanuandnds 11w sulfathiazole  ammonia
adduct %aqmﬂgﬁﬁgaﬂszmm 80 asmwalduaazl
WA E9WaRanns deammoniation 39884l EN1TAAANNAUTIN
#8393z819130'ld ammonia aan3anlasiaiaved
sulfathiazole l&f wenaniiilasMAeTesnusIBINTaY
(cycle) 1ain139" solvation Laz desolvation E98INABE
%’@Lau@iamumau‘,mﬂﬁvlﬁwé’dmﬂm’mni:mumif: LT
griseofulvin chloroform adduct \flerinun3in solvation uas
desolvation $14% 2 sauﬁﬂvﬁ”"ummamgnmt,ﬁﬂaan'jm’%'m'fu
Twymefiifornunszuinmsiiiuswinseundunau s
Na@iamiamm@mgmﬂm L8z chloramphenicol palmitate
ammonia adduct Al#nalufemadsnu’

o

aghslsnanu mia@mmﬂamgmﬂﬁm%%msﬁ Fofidnamy
u,azﬁi’lLﬂu@iamiﬂiuﬁawammmaﬂfgmﬂﬁl,ﬁnmﬁawn
Fuguiionnfaduléndiannniane molecular  adduct
swﬁaﬁaﬁm:mﬂ%uﬂ’%ﬁﬁmﬁmﬂﬁwa&iluam&nwafudwﬁ
ﬂ‘%mmmnﬁauagdisl,ul,ﬂmsﬁﬁuau%'uvlﬁﬁavlsj KaTa12zAA

suamonugld landala

A135199 1 ﬂ’ﬁﬁ@]"ll%’](ﬂﬂl#ﬂ']ﬂ“ﬂﬂda’]iu’]\‘]"ﬂﬁ@]ﬁ")ElL‘Y]ﬂﬁﬂ solvation-desolvation

Chemical Solvent Desolvation method Reference

Barbiturates Ammonia miw“\iuqquﬁs’mﬁumm@mmﬁu 13
Sulfonamides Ammonia msl,ﬁuqmwgﬁiwﬁumia@mwﬁu 14
Chloramphenicol palmitate Ammonia mﬂﬁuqquﬁiwﬁumia@mwﬁu 15
Chloramphenicol Ammonia mﬂﬁuqmuqﬁiwﬁ‘umia@mwﬁu 15

Pyridine mil,ﬁuqquﬁiauﬁunwsa@mmﬁu 16
Griseofulvin Benzene mavuiatanuds (freeze drying) 17

Chloroform mil;ﬁ'uqmmgﬁiwﬁ‘umm@mwﬁu 18

Dioxane mﬂﬂ'mqmmgﬁi’mﬁ'ﬂmsmmmﬁu 19
Beclomethasone dipropionate Water Isothermal dehydration 20
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ﬂ’]iﬂ%ﬂﬂ?\‘l ANUANIINIYNTND DI ann ﬂrﬂ YINARA

solvation

mMysaisesavaslasssInelunanatarsiaud sguia
NI nUadansadld Watfanisilfuuslasvadnis
JaFssdamulundn (laghifinufouulamasmyamgu
YDIANT) WHINAADANLAAS § VBIAITIA AIBUWAIZVDS
msiiatd molecular adduct fdaNsEINANIZNUADRNLG
AINANIFILTUNY LH18I91NT1 DIk NTIATHIAIVBIRUIY

A A ' p= P A
wnafirlumsazlinfouudas udnsiilaanaziiedn (@4
fa Tuianazasdiinazaudunit) seauninwiaianus:
Aurisiainandauvinldsudfvesarsiuaadaan
wasuwwlasanlddqs Munah Maasuulaaauianig
A a . =2 A & °

mMunnaIgnsiilaiia solvation muﬂiﬂmuuazgﬂmm
UszgndlfdamaiaunzUnannisaynialunandonysy
PMNNIANBIWLIN lactose WLaE dextrose monohydrate 80
anilWgnideiheananluanaldonidin azvildeunia
Aladanwlnald (flowability)  waranddlwnsdainng

. . Aak { a o Ao a
(binding property) NaUH Lﬁﬂmﬂunugﬂuuu hydrate Ng3y

& \ 622-24 o &
Imaqamaomagmuaugim 3w anhydrous lactose
W&z anhydrous dextrose 3dtIuadanfalunsitiduans
anUSunalunszuiunsniasladioitnisaenaa
lauase (direct compression)
a ' 2 o
natfenudaszdsaninasssnsuvdsziananisnyi
a . o ' . A
lalasinadia solvation dratnaltu paracetamol GIWI8NE)
o = s A « o o 4y &
ansoienangUiTy Faudusnwuzaaunhildadanszuiwng
NaaeLlaal83Tn1Tnensnlasass taanwangidnd
AnsIzNT AN akazgsUsmananuavisalunsia
a o =3 v a ad a
ey 39lddanuneoalumswanismInaalay
MILANE1IUFIUeIEN (excipient)  THAIS 9 Twhene
WReLURINITZUIUNISHR AL paracetamol  @283TN
25 Ve oA oA a

AANNTANE watdunvraulainiile paracetamol L
solvation 71U dioxane W&I119@ dioxane aanaNNANNld a2
V‘iﬂﬁgﬂi’nmﬁmﬂﬁzJuLLﬂmvl,ﬂmﬂL‘%uﬁu‘[mﬁmmnawmn
X e g A o o
1 i N7 nav0 M AT URAZUS I BRIV INAN I
AN sintered-like BN IMNANBMUSLAUNIFAIUTZNTH
% paracetamol-dioxane solvate Y113 desolvate &2

Fu1Taaenaalasasdle datrelinszuinnisuiasda

= Y a v 26
paracetamol §:0IN7IALID LLazawunummam%

mafalaaluszniienszuinnsndasnisasianle
LﬁaLﬂﬁﬂuLLﬂaaauﬂ'ﬁmaagﬂNﬁﬂ"uaamimwﬁmw Wong
Wae Mitchell27 finwn hydrate form <283 chlorpromazine
(CPZ) ﬁtﬁ@%ﬂm:mwmiﬁwLLmﬂ;}m’ﬂﬂﬂIﬂﬂlﬁmwaw
52W319 ethanol waziuilu binding liquid wasanauuals
iheanuesiu wuimmhl,aﬁl,ﬁ@%uﬁmwummm’[umigﬂ
aandalaanitauninvasinndu CPZ Fafanwamasnlu
mignmaﬂé'@‘ﬁﬁm’mLLa:ﬂ'aawdma‘lﬁLﬁﬂ picking,
laminating SRk capping e Lfiaﬁ’]mimi’;‘ﬂﬁauwuiﬂ
CPZ 'lul,mshl,mfmﬂﬁﬂuLLﬂaoLﬂugﬂ monohydrate  Ga%w
Funa'ledn water of hydration &INERENILFOEATNVD
ali»ﬂ’]ﬂi’s&l“/i‘]ﬂ’]ﬂﬁﬂ interparticulate bonding uanﬁnﬂ‘f': £
WU carbamazepine dihydrate form ﬁqmauﬂalummaﬂ
Safimiiandt o waz B form Taziawz B form teuunuazlal
gruTnnendatduidalaiay wise1ananataing
anumansalumidaimeidann agrelsfionn wii1 cBz
dihydrate a:fautialunisaandafia udnoldusinansad
wazguamansnnisahiRenswisuudaadu B form
Isuin doiuisdaihssimmaaowudasil™

Solvation state vaIITUNThagITI8lANITFIATIER
s lugiuuy ansolvate danunanzauuazduudony
HAanIaFIATIZA landnaaadunuuazussnulunisnie
lasanldsunomandafianniu dadswasmsldloana
trulunisdaaszd laun gabapentin Tuzd monohydrate”"
\{lold hydrate form lumsdaasziasaansafiunanaa
YPINMIFIATIZA ldNNNIENTITanas 12 Lm:ﬂ'ﬂﬁmgmﬂ
Afsuiamemanwiwileninmsdsaseiuouiaui s
hydrate form anene

Amoxicillin N-methyl-2-pyrrolidone solvate Lﬂum‘imﬁ'ﬁ
Qﬂmm%‘u (hygroscopic) #a#n31 amoxicillin sodium il
fu130lT solvate form s‘ﬁatﬂugﬂ wwufiaiosunedoudu
gRIgnIUdalalasligiosnanniananiwuaznaia il
tHudviwela® wanaani N-acetyl-muramyl-L-o-
aminobutyryl-D-isoglutamine (ABU-MDP) lugﬂwﬁﬂ hydrate
ﬁﬁmwummmslumsg@lmm%uﬁaﬂﬂ'j’l ABU-MDP lu31l
anhydrous %oﬁmmmmmlumi@ﬂﬁwLLa:mmsn
Lﬁmﬂﬁﬁ%mmﬁﬁsmﬁ'sLfimﬁuqm%gﬁ luvmeidoanu
hydrate 289 ABU-MDP % fisl#qnailudaiady (adjuvant)

A A ' a_ o 3
NL¥ANIT anhydrous form analg
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nanalapagy solvate form vasmILNITzIANYI R ANTE
maadnonwueinaniuaouulasllann ansolvate form
A A& o oa v A o & ° P
FI0190NIToALNTALEY AINWLI1FI8N1T0UY 2 Lo TN
o . . . .
mmumﬂi;qﬂ@ﬂﬂumammnﬁu‘lﬂ WANTITYNWI BTN
nIassaNTialatsniiaiia solvation wdrazvinlvaniia
I a 9 & A A o A
namun il unadaudasnisiduisasnen wazdslad

MIANBIALIALRANNNTRNINUD

Solvation state fiun13Uszan6 13 lwA1Tua AT BN

Hydrate form YIFNTAN 9 ﬁﬂ?quﬁquqiﬂiuﬂqiﬂ$ﬂqﬂ
SN ve ' v o 32 A
‘luu']vL@]%aﬂﬂ'J'] anhydrous form Ua3aI4uLB bHadNNg)
A A a da
maﬂﬁm@lﬂ LNaWQ'}SmWVLaL(ﬂﬁ@]V]agluﬁﬂquwuu{luﬁzuu

mIazasvadlaasasiludsaunis

AHO <> Ay + H,O (AH,0 fia hydrate form 283813 A)

Waih AH,0 Lﬁuaﬂuﬁ,wzLﬁ@ﬂﬁttﬂﬂé’mﬂﬂutﬂqﬂﬁﬂ
. . oy
2anan hydrate  form 39vilkluszuulUsunaiannis
wazannguasaugaaziliiianadunauldnmedumag
o $ o v & A A
du T9v1 140 AH,0 unTunIanunoiis AH,0 Jd1ns
azanedaganIalinuanaa luiiasas
Hydration state flafosanisaltlunisasdriuensin
WUIUAZNBW LG §3Un13E anhydrous form e ILToNEN
uruaznew wenszasnssnlunszasenniduiinegyin
Iforwnsuazasgipniaiedunaliiauieniig
BUAIT9870 LASIRROINUNFIUANNANNAUBanN D%
209ud9 daanvendiundmuazaraenaulngigaeian
& a , & a P a . . '
asudsuruiiaaaald 13uni1ia Ostwald ripening U
2 ) o v & Aa & a =g
mIanWannauanasilwnanfiiedulvwmalnadn (crystal
growth) uwazinmsazanefifsuudasly snfisenaians
2AAILUL (caking) NnwANTHE LHhasaniian1snuausad
ATNaUNRIUWIALANAINK wIaa1anad ladiannulud
a = o & o 4 A,
WEHETAINVBINAN A9UUNT1E hydrate form FaddA1ns
8281861N31 anhydrous form %amm:ﬁ’umnﬂui’@lqaﬂu
mMIespNeuIuaznaw thadanaalamansanuaniil

{ a v 33
yuratlfouudaslUanniSudu Hoelgaard uaz Moller

W31 metronidazole benzoate dihydrate fanunanzaulu
naduiagaulunisieIonsiiiuviuaznauninnin
anhydrate form | LLae Il
9l hydrate form  azmanzanlunsldiduiandu
FIRTUNTLATHNLIHIUDIBALN O WAATNLANIETNY DS
rwananisuanLazasnlznauludsuisman laibandan
1Uninnu a9nunIanuwaues hydrate form 3989a9d1dn
Aawih IS s duinsrAmast uan1aavuwa hydrate form
L v N vd a4
padINadanIgydniaananlanaiInanld Saasvinld
a o & 2 o A o
fssudunansidu anhydrous form  unu 39dasd@nsnla
azldualFenawilain1Taauuna hydrate  form  W&2
aunanIandnlatanaiu hydrate form agwiala uazdl
wivuiavasauniaiinuilfowly 3w triazinoindole
hydrate AIHNWNNI8ATUWIAGE air mill F3041%31 hydrate 7
flawalanasuazaansaiiuiadosnwneneawldiile
A & o o 6 by 34
wirsdwndsAmnIluusiwIuezna
' = A v ' A o ) A 0 v
st lafiany Sifeyausduidaudmuauuigiudnedu
18991NWLLN hydrate form 2898 TUNTRARINITNRZAE
k4 2, ' ' . 35 . 36
i ladnin anhydrous form L% tranilast , acyclovir -, &g
.37 ~ & v A =
carbamazepine”  tnanaluiIdiasdasRaTanfzUuLY
madWﬁ’ﬁmgﬂu (polymorphic form) %83 hydrate form f
pnazmwnazmoin ldaninlanSoufisuiuwndugu
U84 anhydrous form ﬁdﬁlaﬂﬁagdﬁﬂ:ﬁﬂﬁ hydrate form
azan83inld@ndn anhydrous form
wnfasanmtazanslutiivedloaafiiiaanalvia
azanudundd myazasvadloaiialuiazasinuinuiung
azanpvedlaiasaluin thasnnlleazasloaialuii @9
o a = v =3
azanpdunidluloanaazngasaniinlasiaiionin uas

ﬂquiwmsgﬂlﬂﬂLﬁ ANNTRBNTOURITLANNAN F9¥i L4

' 12
ad o

lutanavaslaananaoduluanavasssiafindniiiia
R0NTBY (ALy) ﬁﬂmwadﬂﬁﬁ%mluamQaa:"l,ﬂﬁwwﬁwmﬂ
P VIR = SV ea o '

Ju aanulaaadauisnazasinladaninlaese datng
’Ua\‘iEl’]%%aﬁ’]imﬁ‘u’w"]jﬁ@ﬁzﬂLL‘]JUITE]L’JG]ﬁﬁﬂ’]WQﬁﬂ’]UVLﬁ
(solubility) ~ Ferwnniluztunylaesausasdoyaaglu

AN319N 2
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a13191 2 JUuuuloana (solvate form) saspmIsmaadiiiimaazasluihdnigUuuulaiase (hydrate form)

Chemical Solvating molecule Relative water solubility Reference
Succinyl sulfathiazole Pentanol Pentanol > Anhydrous > Hydrate 32
Fludocortisone acetate Pentanol Pentanol > Hydrate 32
Urapidil Methanol Methanol > Anhydrous form | > Anhydrous form I 38
Oxyphenbutazone Benzene Benzene > Cyclohexane > Anhydrous > Hemihydrate > Monohydrate 39
Cyclohexane

Sulindac Acetone Chloroform ~ Acetone > Anhydrous 40
Chloroform

Sulfamethoxydiazine Chloroform Amorphous > Dioxane > Chloroform > Form | and Il 41
Dioxane

Glibenclamide Pentanol Pentanol >> Toluene > Anhydrous form | and Il 42
Toluene

@
o R A

aanndsdanuiulylanazsiien solvate form waIxN5
mwﬁ@]ﬁﬁﬁ'mﬁa:mslgm'h anhydrous form %38 hydrate
form W EIuwnIaIdTUBasoN et ulirINNTaTaY
:/ v J/ a 1 ' dq/
i lduntu wazdianaginadalanianisidadszlawiilu
Fmeld agalsfiony nsdszgndldloanetidasfiarmn
019 solvating molecule duiHdUATLWIBAARBTULIINN
o ~ =2 o e @ A A a £ &
Hauiaale deudazliiduduamounuadSuaniiaduns
2713 NWaNIT AR NI LTzl RURI BT U 81 ber

Hydrate form Afin1sazansluiinginin anhydrous form
nu daudginadanistaadszlordvasunlusranie
(bioavailability) tiasannidunnsunuegraninewinuain
nIazasduruaeuimragylunminuadinmeignea
E'Em%;jﬁmmﬂ ¢288191T% ampicillin - anhydrous &11170
azanslusih1d@nin trinydrate form 3sl¥nsi8adseluwid

7 o 43 o A ] '
ganhnaluauuazgias”  mondslins@nswudndinis
azanswad  ampicillin 1w lWldiduidassnanidinnuans
wadselomilusinig udasddsznauvaidiTuaInadanns
& & . . = a Ao
adszlomiuinnin agrelsfAay Feudduunasunn
uaasliiiudn hydrate form limudadsslomifigeannnin
o ' ' 37 & '

anhydrous form @18873L2% Kahela WLazaAthe  ANBINLIN
carbamazepine (CBZ) dihydrate 1ﬁﬂ’13L§aﬂizIﬂ°Jjﬁﬁ§ﬁﬂ’i’1
anhydrous CBZ
dihydrate innusaInlumadon (wettability) uazazans

Ly LA A
MIBAGHAFIWNKILTEBINIIN CBZ

'|&&n41 anhydrous CBZ uaziilesanann anhydrous CBZ §
aaNIAanTlavadnan (crystal growth) 8819720157
§I% CBZ dihydrate Noanslavadnandraunn 39vinlw
18374687 anhydrous CBZ fidnsazansdinia CBZ
dihydrate uaz¥inl# CBZ dihydrate ﬁm‘st%ﬂsﬂmﬁﬁga
N1 anhydrous CBZ

lu3 .61, 1975 Haleblian” WuhaaMIgadunanme
Uad monoethanol solvate  va4 t-butyl acetate V83
hydrocortisone flﬂ"]ijoﬂ’i’l hemiacetone solvate Lazi1NNIN
anhydrous form U3z 5 1¥in LLa:éﬁi’]mi@@%uuaﬂﬂ’m
2U8Jd monoethanol solvate V84 t-butyl acetate 184
prednisone ﬁﬂ'ﬂgdﬂ’i’] hemichloroform solvate Wazd1NNI1
anhydrous form Uszanm 2 L¥in ﬁ'ﬁ{uﬂu"l,ﬂmmuuagmw%a
winguifinsnsudnadu wenanififosiadu 7
IAnansans lufi@aniat@oinm 15 fluprednisolone  t-

. 45
butylamine solvate

Solvation NUASLANLEDLTAINNSLAK

nTaduii linaaudain solvation state wedEIHaN
LLamauﬁ'ﬁmdmﬁﬂ’mmwﬁu@ﬂmdaaﬂvlﬂﬁl’m ansolvate
form n13ANBIV8I  Haleblian” Wy hydrate form V83
cyanocobalamine (vitamin B12) Falwimduiaanoaale

dmu,a:vl,’wiaﬁ’mmua:qm%gﬁﬁ)zﬁmﬁ HTATNNIILAN
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41NN conventional vitamin B12 ey cefazolin
monohydrate Hudnalatniniisasansniiaiiosaindnin
anhydrous form U@ l4N19ATINWINN V19ATINTA hydration
state snninlUnauriliadosmwaaasiitasannduuilaiu
A a 4 Y 'Y X 46
fazgydnluanazasiheananlassaiildunniu® Engel
47 o v & .
uazAme  HILaad WA cephalexin monohydrate 3¢
LRDUTAaNITFUNENUAINNTUUINNTN anhydrous  form
wanandh cefadroxyl hemihydrates 83fiatiasnmwniaail
' 2L« {
u1nN1 monohydrate form FaiduzUuvunldlunmanaioy
a [ o 48 .. . A a
Naﬂnmmﬂuﬂaguu Wz cefixime trinydrate JUL&DUININ
maaillugnieAlianuduninnin partially hydrate ua

anhydrous form49

Nonstoichiometric solvate ﬁ’un’liﬂian@ﬂm%ﬂ’ld

LANLALNLAFTNITH

o

Nonstoichiometric solvate %38 clathrate  ain laifasdl
Yrelopflumandnssuannin Wessnnuidamsiiwim
Regrfiafifiaanisguil uaffioadssesdursiiadils
Yselamifann clathrate Tumistaiaiiosniwmaiaiimanin
maogﬂt.tuumm'%wvlﬁao mnmsﬁﬂmwuiwﬁ@mﬁﬁmﬁu
NNMIME beclomethasone dipropionate (BCP) anhydrous
micronized form lunmaaIsundrATIILLLEUYIL
aznawluansTuausiia CFC propellant 11 Lﬁamﬁﬂu
aqﬂﬂifﬁmg@ﬁ”muwumﬂ (metered-dose inhaler; MDI) va3
sluUUINAzEadInal  (aerosol)  Apazifianislavaindn
(crystal growth) Ll,a:vl,ﬁqmﬁwﬁl actuator 289 MDI ¥inl#
ﬂs:'ﬁﬂ%mwmsﬁ’ldaU’Hﬁﬁ']gii:uuwmﬁumﬂlaa@aa
Lﬁ;aomﬂ"um@m&mﬂmmﬁundwmﬂﬁiuﬁu UEANRUWLT
fawSan BCP sl,ug'ﬂ nonstoichiometric solvate A18§1ITL
Auaiha propellant 11 (BCP-propellant 11 clathrate) W&
ﬁwmlﬁﬂui’mqauLéuﬁuluﬂﬂiL@%ﬂumLLmumﬂau‘lums
Fuan propellant 11 nau liwudsngnisaiasndntnaau

Uselowsidn 9 289 clathrate ﬁmmmﬂ‘izqﬂ@ﬂ"ﬁﬁ'ﬂ
aaafidns 97 ldun msldusnansatioananiulasendy
auﬂ'@iﬁugmmaa clathrate 7ildgn1uzNIINIBAINEISRIN
intact form 81%1 N13UYN thiophene 8aN3a N benzene N3
Wwen rare gas (VB argon AU neon) 88NINNNK %IBNNT

Jaiumaaiivssiafiegluaniuzlaldnaoduanius

289ud9 (L% hydroquinone DU inert gas) TINHINITIANT
Aussn it duisnazsaine lalass1unng clathrate A%

Y
[ o<

waosnmwuaz ldvinldanssuszine le 1w dimethyl mercury

daa

@uduaszineiefiife) 1Y 4-p-hydroxyphenyl-2,2,4-

trimethyl thiochroman 16t

nﬂagﬂ

NNAUFIHANNINLATIINAUNIAUN DA N B UL UAE
auﬁam{imalmwﬁl,mmh{iﬁ'mwdwgﬂLLqummm
(solvate form) ﬁugﬂLmUﬁﬂi’]ﬂﬁ]’mIﬁmL’m (ansolvate form)
vosasrdaidoanu s ldgnsdszandlslunig
LRTNTTURAENILAL L ag19n 192919 vlaj’jwmsﬂﬁ”uﬂ;a
éTﬂmemgmﬂWﬁauﬁﬁmuﬁaami MIANLRDTAINNNG

A = v A A
wimuniwradzns T lUdansitiduasasiialunisan
saaymanialfidunsiiulunisdanzdasiaiiong

A A M v 1a A 4d a & ' =
ghatialildUSu T mHanfan Ny N1InTuw ad19lsAaw

v o a aa L A a o
VBIMNANTIATUVBIITNIILARTY OB INL@QQTQG@]'}W'}E‘W&'}U

A ¢al

sunsdnltinaniuduanousslsivseasy sniiulunsdd
mmsmﬁ"@umlﬂmmmLmuImanm"[@ﬁﬁaamnimaqamaa
ilidufis wananit msnedmaninasindangegns
LﬁﬂIBﬁmquﬂﬂgﬁ'uil’dﬁaaﬁmmjmaﬁm{fﬁaﬂmmm:ﬂ'&
vl&immmagﬂﬂungmmﬂﬁuuuaﬂﬁ B0snndudading

2aINSIEITNNTh

LONE1TD19D9
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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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