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Polymorphism is defined as the occurrence of different
crystalline forms of the same pure compound in which the
molecules have different arrangement and/or conformation.1)

Many drugs are able to be crystallized in several polymor-
phic forms, each having a different energy and thereby dif-
fering in physicochemical and mechanical properties such as
melting point, solubility, stability, heat of fusion, density, 
refractive index, compression behavior and hygroscopicity.2)

Supercritical fluid (SCF) based technologies are currently
valid tools among various crystallization techniques to con-
trol the polymorphic form of pharmaceuticals.3) The differ-
ences of properties such as solubility may have implications
for absorption of the active drug from its dosage form. These
concerns have led to an increased regulatory interest in the
solid-state properties.4,5) Solid state NMR (SSNMR) spec-
troscopy is also an essential technique for the solid state
characterization of pharmaceuticals. The SSNMR spec-
troscopy not only differentiates between polymorphic forms
of a pharmaceutical, but also intimately probes the structural
aspects of polymorphic form.6) Furthermore, solid state pro-
ton relaxation time (T1) studies can also provide useful infor-
mation on molecular motion in the solid state.7)

Intrinsic dissolution test is a one of the attempt to measure
the solubility of a metastable polymorph which can undergo
a phase transformation to the more stable phase during dis-
solving procedure. In fact, equilibrium solubility may not be
very relevant for study of polymorphs if polymorphs are
physically unstable in the aqueous environment. Instead, 
intrinsic dissolution rate (IDR) and kinetic solubility may be
more relevant parameters to consider while studying the oral
absorption of polymorphs.2,8,9)

Fluconazole is designated chemically as 2,4-difluoro-
a ,a1-bis(1H-1,2,4-triazol-L-ylmethyl) benzyl alcohol (Fig. 1)
and is the first of a new subclass of synthetic triazole antifun-
gal agent.10) Three anhydrate polymorphic forms, one mono-
hydrate and several solvates of fluconazole, have been pre-
pared and characterized.11—20) However, there has been no

published research involving the characterization of flucona-
zole polymorphs using SSNMR spectroscopy.

Consequently, we investigate the characterization of two
fluconazole polymorphs, anhydrate forms I and II prepared
by the supercritical antisolvent (SAS) process using SSNMR
spectroscopy to obtain the structural differences in molecular
level between fluconazole polymorphs. General solid state
characterization such as differential scanning calorimetry
(DSC), Powder X-ray diffraction (PXRD), fourier transform
infrared (FT-IR) and Raman spectroscopy were also per-
formed. Furthermore, kinetic solubility and intrinsic dissolu-
tion tests in aqueous solution were performed to investigate
the solubility profiles and dissolution properties of flucona-
zole polymorphs.

Experimental
Materials Micronized fluconazole (99.0% purity) was kindly provided

Hwail Pharm. Co., Ltd. (Korea). The CO2 used was 99.9% pure (Hanmi
Gas, Korea). Deuterodimethyl sulfoxide (DMSO-d6) was obtained from
Cambridge Isotope Laboratories, Inc. (U.S.A.). All organic solvents were of
high performance liquid chromatography (HPLC) grade and other chemicals
were of reagent grade.

Preparation of Fluconazole Polymorphs The anhydrate forms I and II
were prepared by the SAS process reported in the earlier study at simply
modified conditions.20) The flow rate of dichloromethane drug solution was
varied between 0.5 ml/min and 3.5 ml/min, while the flow rate of CO2 was
constant at 40 ml/min. The temperature and pressure of the SAS process
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Fig. 1. Chemical Structure of Fluconazole



were constant at 40 °C and 8 MPa. Fluconazole monohydrate was obtained
using cooling method reported by Alkhamis et al.17)

Analysis and Characterization Residual solvent was measured by a
gas chromatograph (Agilent technologies, Agilent 6890, U.S.A.) equipped
with a flame ionization detector (GC-FID) system. DSC measurements were
generated using DSC S-650 (Scinco Co., Ltd., Korea). PXRD patterns were
obtained by a Rigaku PXRD system (Model D/MAX-2200 Ultima/PC,
Japan) using a Ni-filtered CuKa radiation source. The 13C-SSNMR cross-
polarization magic angle spinning (CP/MAS) and high-power proton decou-
pling experiment was recorded on a Bruker AVANCE 400 WB (Bruker, Ger-
many) at 500 MHz and ambient probe temperature. The MAS rate was set at
9 kHz, with a contact time of 1 ms and an acquisition time of 0.036 s. Recy-
cle delays to acquire standard spectra varied based upon 1H T1 measurement.
1H T1 relaxation times were measured using saturation recovery experi-
ments. The solution state 13C-NMR spectra were also obtained from deutero-
dimethyl sulfoxide (DMSO-d6) solutions of samples using a JNM-AL400
(JEOL Ltd., Japan) at 400 MHz. FT-IR spectroscopy was performed on a FT-
IR spectrometer (Bruker, FT-IR Tensor 27, Germany) using the attenuated
total reflectance (ATR) method. The Raman spectra were measured with a
Spex 1404p spectrometer (Jobinyvon-Spex, France). The excitation source
was a He–Cd laser operating at 442 nm. Intrinsic dissolution test were per-
formed by the stationary disc (0.5 cm2 surface area, Distek Inc., U.S.A.) and
VK 7000 dissolution apparatus (Vankel, U.S.A.) according to USP XXVIII
paddle method. Discs were prepared compressing 300 mg of powder in a
Perkin Elmer hydraulic press, for 4 min under 2000 psi compression. The
solubility of fluconazole was determined in deionized water at 25�0.1 °C.
An excess amount of each sample (approximately 1 g of fluconazole) was
added separately to 50 ml of water in a screw-top bottle. The bottles were
dispersed using sonicator (10 min) and rotated (30 rpm) for a period of time
in excess of that required for equilibrium (48 h) using a shaking water bath
at 25�0.1 °C. Intrinsic dissolution tests were performed in distilled water at
25�0.1 °C and 50 rpm by the stationary disc (0.5 cm2 surface area, Distek
Inc., U.S.A.) and VK 7000 dissolution apparatus (Vankel, U.S.A.) according
to USP XXVIII paddle method. Drug concentration was assayed for drug
concentration by UV spectrophotometer (262 nm) (Beckman, DU-650,
U.S.A.).

Results and Discussion
The DSC thermograms and PXRD patterns were shown in

Fig. 2. Anhydrate form I was prepared at fast injection rates
(3.5 ml/min). On the other hand, anhydrate form II was pre-
pared at a slow injection rate (0.5 ml/min).17,20) GC-FID
analysis, used to measure residual solvent in samples pre-
pared by the SAS process, revealed a residue below 50 ppm.

The 13C-SSNMR spectra of the polymorphs prepared by

the SAS process are compared in Fig. 3 and Table 1. There
are two spectral regions, which show clear differences be-
tween the anhydrate forms I and II in the 13C-SSNMR spec-
tra. The first region of interest is 50—80 ppm, which arises
from a-quaternary carbon and two b-methylene carbon
atoms of the propane backbone. The peak arising from the
hydroxyl-substituted a-quaternary carbon of anhydrate form
I is clearly split into a doublet (d : 73.928, 75.305 ppm), but
the peak of this carbon is only a singlet (d : 74.132) for anhy-
drate form II. Additionally, the peak corresponding to two b-
methylene carbon atoms shows significant differences in the
chemical shift and intensity ratios between forms I and II.
The second region of interest is the 2,4-difluorobenzyl group
between 100—140 ppm. The peak arising from C-1 of anhy-
drate form I was split into doublets, which is not the case for
form II. Additionally, the peaks corresponding to C-3 and C-
5 in form II are shifted by about 4.3 and 2 ppm, respectively,
when compared with form I. These spectral differences in
these regions could indicate different chemical environments,
producing differing levels of the de-shielding effect of the
electronic density, accompanied by differences in some mo-
lecular interactions and crystal symmetry.21) SSNMR spec-
troscopy can be used to estimate the number of molecular
conformations, as well as the configurational differences, in a
portion of the molecule.22,23) The 13C-SSNMR spectra of 
anhydrate form II shows only one peak per carbon atom with
no peak splitting. However, the number of form I peaks 
exceeds the number of carbon with splittings of the a-quater-
nary carbon and C-1 of 2,4-difluorobenzyl groups. The split-
ting pattern indicates a different level of deshielding pro-
duced by two different chemical environments. This suggests
that two dissimilar molecular conformations or asymmetric
units are present in the unit cell of anhydrate form I, while
only one molecular conformation is presented in anhydrate
form II. SSNMR spectroscopy results coincide well with the
results of FT-IR, Raman spectroscopy (Fig. 4, Table 2) and
PXRD analysis (Fig. 2) that show differences in molecular
structure and crystal packing arrangement between different
polymorphic forms of fluconazole. A comparison between
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Fig. 2. DSC Thermograms (Left) and PXRD Patterns (Right) of Fluconazole Prepared by the SAS Process at Various Injection Rates of Drug Solution

Tm1 and Tm2 correspond to the melting temperature of anhydrate forms I and II, respectively, and Tc corresponds to the recrystallization exothermic temperature of unstable anhy-
drate form II.



the 13C chemical shifts for fluconazole in solution and solid
states is shown in Table 1. The 13C solution spectrum of flu-
conazole is more closely related to the 13C-SSNMR spectrum
of anhydrate form I, comparable to that of anhydrate form II.

Therefore, the conformation of the molecules in solution is
similar to the more stable polymorphic form, anhydrate form
I, than to the metanstable polymorphic form, anhydrate form
II. Analysis of 1H T1 relaxation times also reveals differences
between anhydrate forms I and II (Fig. 3). The shorter 1H T1

of anhydrate form II (2.97 s) is attributed to increased mobil-
ity relative to anhydrate form I (12.89 s), possibly resulting
from a partial or regional disruption of the crystal lattice.8)

This result is in agreement with the fact that the metastable
polymorphs are typically much more mobile than relatively
stable polymorphs, and, thus, are able to relax much faster.

As shown in Fig. 5 and Table 3, the maximum solubility
(approximately 6.59 mg/ml) was observed in anhydrate form
II and then it was gradually decreased, suggesting that solu-
tion-mediated transformation to most stable polymorphic
form, fluconazole monohydrate, occurred during the dissolu-
tion in water.4,24—26) On the other hands, the kinetic solubility
curve of anhydrate form I and fluconazole monohydrate
reached the plateau without convex curve (approximately
4.96, 4.21 mg/ml, respectively). Interestingly, partial poly-
morphic change of anhydrate form I was observed during the

September 2010 1245

Fig. 3. 13C-CP/MAS SSNMR Spectra of Fluconazole Polymorphs Pre-
pared by the SAS Process at Various Injection Rates of Drug Solution

(a) Anhydrate form I, mixture of anhydrate forms I and II; (b) higher content of an-
hydrate form I than II, (c) higher content of anhydrate form II than I, and (d) anhydrate
form II.

Table 1. Solid State 13C CP/MAS NMR Peaks of Anhydrate Forms I and
II Prepared by the SAS Process

13C-chemical shift (ppm)

Carbon No.
Solution

Solid state Shift differencea)

(DMSO-d6) I II I II

2,4- 1 123.46 123.19 122.63 0.27 0.83
Difluorobenzyl 125.78
group 2 162.08 161.79 164.66 0.29 �2.57

3 103.99 103.13 107.39 0.85 �3.4
4 159.12 159.38 159.74 �0.26 �0.62
5 110.95 111.13 113.08 �0.18 �2.13
6 129.77 129.68 129.90 0.09 �0.13

Propane a 73.71 73.93 74.13 �0.22 �0.43
backbone 75.31

b 54.92 54.05 54.55 0.87 0.37
56.66 53.21 �1.74 1.71

Triazole group 3� 150.86 150.96 151.40 �0.09 �0.54
5� 145.18 145.42 146.08 �0.24 �0.90

a) The difference between solution and solid state chemical shift data.

Fig. 4. FT-IR and Raman Spectra of Fluconazole Polymorphs Prepared by the SAS Process

(a) Anhydrate form I and (b) anhydrate form II.

Table 2. FT-IR and Raman Peaks of Anhydrate Forms I and II Prepared by
the SAS Process

Wavenumber (cm�1)

Assignment Anhydrate form I Anhydrate form II

FT-IR Raman FT-IR Raman

2,4-Difluorobenzyl group
CH stretch 3105.1 3083.8 3104.6 3072.6

— — 3077.6 3099.9
3051.1 3010.8 3046.7 3024.4
3014.5 — 3027.4 3000.9

CF stretch 1272.9 1276.5 1275.4 1266.6

Propane backbone
CH bend very weak 1356.5
C–C stretch 1116.7 1117.6 1121.7 1116.7

1112.9
C–(OH) stretch 1026.0 1021.3 1024.6 1023.5
H-bonded OH stretch 3192.7



solubility experiment. The PXRD analysis of the excess drug
of the anhydrate form I after solubility test revealed that the
anhydrate form I and small amount of fluconazole monohy-
drate coexist (considered not present). Nevertheless, the
maximum solubility of the anhydrate form I was maintained
for 48 h. This may be due to the anhydrate form I which can
be dissolved in water still exist although the transformation
to fluconazole monohydrate is occurred continuously.

As a result of check of polymorphic change using DSC
and PXRD analyses after compression for preparation of
disc, there was no polymorphic change although there was a
little decreasing of crystallinity for the anhydrate form II
(considered not present). The segmentation of the intrinsic
dissolution profile of the anhydrate form II into initial and
final segments was obtained by splitting the data in such a
way that linear regression (Origin Lab Corp., OriginPro 7.5,
U.S.A.) lines for each segment resulted in the best correlation
coefficient (R2�0.999). IDR of anhydrate form I, II and flu-
conazole monohydrate were calculated from the initial part
(from 0 to 20 min) of intrinsic dissolution profile of each
polymorph.27,28) IDR of anhydrate form II was higher than
that of anhydrate form I and fluconazole monohydrate

(p�0.001). A solid having a higher lattice free energy (i.e., a
less stable polymorph) will tend to dissolve faster, because
the release of a higher amount of stored lattice energy will
increase the solubility and hence the driving force for disso-
lution.4,29) Decrease of slope value in anhydrate form II was
observed after 20 min. As mentioned above, this may be due
to the transformation from metastable anhydrate form II to
most stable fluconazole monohydrate. DSC analysis of the
surface of the disc after the dissolution test (after 3 h) con-
firmed that almost of the anhydrate form II was transformed
to fluconazole monohydrate although small amount of the
anhydrate form II was remained (considered not present).
Under sink conditions, the intrinsic dissolution rate (IDR) of
a solid is defined by Eq. 1.30—32)

IDR�kCs (1)

where k is the intrinsic dissolution rate constant, Cs is the sol-
ubility of solid. The k can be represented also the mass trans-
fer coefficient, k�D/h, where D is the diffusivity of the solid
and h is the thickness of the diffusion layer which 
depends on the geometry of the system and agitation condi-
tions.33) The k of the most stable fluconazole monohydrate
and anhydrate form I or II must be equal under identical 
hydrodynamic conditions, since k depends on the diffusivity
and thickness of the diffusion layer. If k of fluconazole
monohydrate and anhydrate form I or II is assumed to be
equal, the Eq. 1 leads to

IDRI or II/IDRH�CI or II/CH (2)

where IDRI or IDRII and IDRH are the mass fluxes for anhy-
drate form I, II and fluconazole monohydrate, respectively,
and CI or CII and CH are the solubilities of anhydrate form I,
anhydrate form II and most stable fluconazole monohydrate,
respectively. Thus, knowing the values for IDRI or IDRII,
IDRH and CH, the estimated value for CI or CII can be calcu-
lated from Eq. 2. The estimated solubility of anhydrate forms
I and II was 5.02 and 7.88 mg/ml, respectively (Table 3). This
result showed that the anhydrate form I had no significant
difference between measured and estimated solubility, while
estimated solubility (7.88 mg/ml) of anhydrate form II was
greater than the maximum concentration obtained from ki-
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Fig. 5. Kinetic Solubility (a) and Intrinsic Dissolution (b) Profiles of Fluconazole Monohydrate (�) and, Anhydrate Forms I (�) and II (�) Prepared by
SAS Process

Table 3. Solubility and Intrinsic Dissolution Rate (IDR) of Fluconazole
Polymorphs Prepared by the SAS Process and Fluconazole Monohydrate (in
Deionized Water at 25 °C, n�3)

Solubility 
IDRa) IDR 

Solubility

Sample
measureda)

(mg/min/cm2) constantf) estimateda,g)

(mg/ml)
�S.D. (cm/min)

(mg/ml)
�S.D. �S.D.

Anhydrate 
4.96�0.22b) 0.56�0.04 0.114 5.02�0.24form I

Anhydrate Maximumc) 6.59�0.45 Initiald) 0.88�0.03 — 7.88�0.27
form II

Equilibriumb) 5.09�0.31 Finale) 0.59�0.04 — —
Mono 

4.21�0.18b) 0.47�0.03 0.112 —hydrate

a) Mean�S.D. n�3. b) Concentration of drug obtained from kinetic solubility pro-
file after 48 h. c) Maximum peak value obtained from kinetic solubility profile.
d) The value obtained from intrinsic dissolution profile until 20 min. e) The value ob-
tained from intrinsic dissolution profile from 60 to 120 min. f) The value calculated
from Eq. 1. g) The value estimated from Eq. 2.



netic solubility profile, which was 6.59 mg/ml. The reason
for having difference between measured and estimated solu-
bilities of anhydrate form II, may be due to the transforma-
tion of anhydrate form II to stable fluconazole monohydrate
before the solubility of metastable anhydrate form II could
reach its equilibrium value.28)

In conclusion, 13C-SSNMR spectroscopy is a useful
method for presenting of obvious differences in the chemical
shift and peak splitting characteristics, reflecting a change in
the molecular conformation, between fluconazole poly-
morphs, anhydrate forms I and II. Furthermore, the results of
kinetic solubility and intrinsic dissolution tests indicated that
the solubility and initial IDR of anhydrate form II was higher
than that of anhydrate form I and fluconazole monohydrate,
although the decrease in the solubility and dissolution rate 
of anhydrate form II is resulted by the transformation from 
anhydrate form II to most stable fluconazole monohydrate
during dissolving procedure. These results indicate the need
for quality control of polymorphism of fluconazole during
pharmaceutical processing because the varying solubility and
dissolution rates possible for different polymorphs of 
fluconazole may lead to varying degree of bioavailability.
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