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bstract

1H NMR spectrometry, FT-IR spectroscopy, as well as molecular modeling at the AM1 level and normal mode analysis were used to characterise
he interactions and the formation of inclusion complexes between three organic acids: maleic, fumaric, l-tartaric acids and �CD. In aqueous

edium, the complexation was confirmed by 1H NMR spectroscopy using two-dimensional technique. The stable geometries of the complexes
ere determined by molecular modeling. Experimental infrared frequencies were assigned on the base of the vibrational normal mode calculation
t the fully optimized geometry for the inclusion complexes. All the results point out the presence of stable inclusion complexes between acids and
CD at the solid state. These results show the double role of the acid. Correlated with the theoretical and experimental data previously obtained

or the miconazole/CD/acids complexes, in function of both acids and CDs structures, the acids can either stabilize the complexes by formation of
multicomponent complex or form acid/CD inclusion complexes, hindering the guest inclusion.
2007 Elsevier B.V. All rights reserved.
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. Introduction

It is well described in the literature that cyclodextrins (CDs)
an be used as solubilizing agents for drugs which present a poor
queous solubility (Loftsson and Brewster, 1996). This solu-
ility can be enhanced by the use of a low molecular weight
rganic acid which stabilizes the drug/CD complex but also

hich increases the solubility of the basic drug by salt forma-

ion (Redenti et al., 2000). The solubilization of miconazole by
eans of CDs is well described (Bononi, 1990; Mura et al.,
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992). When an acidic ternary compound is used, a synergistic
ffect between acids and CDs occurs. Indeed, the miconazole
olubility in presence of both acid and CD is greater than the
xpected one by adding the effects of CD and acid separately
Piel et al., 1998). In a previous study, the inclusion of micona-
ole into several cyclodextrins using supercritical carbon dioxide
rocessing has been studied and the influence of both CDs
nd organic acids on the inclusion yield has been determined.
he results show that the inclusion yields were dramatically

mproved when an acid and a hydroxypropylated CD were used.
y opposite, when a natural CD was used such as �CD and �CD,
his effect was much weaker (Barillaro et al., 2004).
In a recent paper, molecular modeling was used to elucidate

he role of several types of acid during the formation of micona-
ole ternary inclusion compounds. The results have shown that,
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epending on its structure, the acid can either stabilize the
nclusion complex or extract miconazole from the CD cavity,
specially when l-tartaric acid and natural CD were used, as
CD, confirming the experimental observations (Barillaro et al.,
007).

The interactions between organic acid and cyclodextrins have
een already studied in the literature but these studies are lim-
ted to the determination of stability constant of the acid/CD
omplex using solubility diagram (Fenyvesi et al., 1999), freez-
ng point depression (Suzuki et al., 1993), pH-potentiometric
itration (Csernàk et al., 2005) and calorimetry (Germain et al.,
995). These reports suggest the formation of inclusion com-
lexes. In fact, all the results show the existence of an interaction
etween acids and CD but the nature of this interaction is uncer-
ain. Up to now, to our knowledge, there is no explicit proof of
he formation of a genuine inclusion complex.

This work is then focused on the elucidation of the inter-
ctions between maleic, fumaric or l-tartaric acids and �CD.
xperimental and theoretical data will support this study.
cid/CD systems were investigated by 1H NMR spectroscopy,

nfrared spectroscopy, molecular modeling using the AM1
emiempirical method. Eventually, the consequences of these
esults on the formation of miconazole/CD/acid inclusion com-
lexes were evaluated.

. Materials and methods

.1. Materials

�CD (Eur. Ph. fourth ed., 7.58% H2O) was kindly sup-
lied by Roquette (Lestrem, France). Fumaric acid was from
luka (Buchs, Switzerland), maleic acid from Acros (New Jer-
ey, USA) and l-tartaric acid (Eur Ph. fourth ed.) from Merck
Damstadt, Germany). Deuterium oxide (99.97%) was pur-
hased from Eur-isotop (Saint-Aubain, France). CO2 was of N48
uality (99.998%) from Air Liquide (Liege, Belgium). All the
roducts were used as received.

.2. Methods

.2.1. 1H NMR studies
One-dimensional 1H NMR spectra were recorded at 25 ◦C

n a Bruker Avance 500 operating at a proton NMR frequency
f 500.13 MHz using a 5 mm probe and a simple pulse-acquire
equence. Acquisition parameters consisted of a sweep width of
0,333.6 Hz, a pulse width of 7.7 �s, an acquisition time of 3.14 s
nd a relaxation delay of 1 s. One hundred twenty-eight scans
ere recorded. FIDs were Fourier transformed with LB = 0.3 Hz

nd GB = 0. The resonance at 4.800 ppm due to residual solvent
HOD) was used as internal reference.

Reference solutions were prepared by separately dissolving
n appropriate amount of maleic, fumaric, l-tartaric acids and
CD, directly in 600 �L D2O in order to obtain a concentration

f 10 mM. The resulting solutions were then transferred in the
mm RMN tubes.

Sample solutions were prepared by dissolving maleic acid
nd �CD in 600 �L D2O in order to obtain the final concentration

s
2
I
s

f Pharmaceutics 347 (2008) 62–70 63

f 10 mM (maleic acid:CD molar ratio 1:1). The same procedure
as applied for the fumaric acid. But, for l-tartaric acid due to

he weak interaction with �CD, the l-tartaric acid concentration
as increased up to 20 mM and the resulting molar ratio was 2:1

l-tartaric acid 20 mM and �CD 10 mM).
1H NMR chemical shifts (�δ) caused upon complexation

ere measured to confirm the inclusion of acids and calculated
ccording to the following formula: �δ = δ(free) − δ(complex).

.2.2. ROESY experiments
ROESY (Rotating-frame Overhauser Effect SpectroscopY)

pectra were acquired in the phase sensitive mode using the
ame spectrometer. Each spectrum consisted of a matrix of 2K
F2) by 1K (F1) covering a spectral width of 5122 Hz. Spectra
ere obtained from the samples solutions prepared for the 1H
MR studies, using a spin-lock mixing periods of 350 ms for

he maleic acid/�CD and fumaric acid/�CD systems, and of
00 ms for the l-tartaric acid/�CD system. For the last system,
s the resonance of the l-tartaric acid protons is close to that
f the residual solvent, a sequence of presaturation was used.
efore Fourier transformation, the sine apodization function was
pplied in both dimensions. Sixty-four scans were collected for
ach of the 256 experiments.

.2.3. Molecular modelling

.2.3.1. Docking studies. The geometry optimisation was per-
ormed with the Gaussian 98 package (Frisch et al., 1998) by
sing semiempirical AM1 (Austin Model 1) method (Dewar et
l., 1985). The geometries were fully optimized without any con-
traint by minimisation of the analytical gradient. The nature of
he located critical points is determined by vibrational frequency
alculation derived from the second derivative matrix. When all
he eigenvalues of this Hessian matrix are positive, the energy is

inimum in each direction associated to the variables. For each
quilibrium structure, the thermochemistry data are derived from
he analytical frequency calculation at 298.15 K and 1 atm. (Mc
uarrie, 1973).
The same procedure was used in the study of miconazole,

yproterone acetate and RO 28–2653 inclusion complexes (Piel
t al., 2001; Henry de Hassonville et al., 2004; Bertholet et
l., 2005; Barillaro et al., 2007). Starting from the optimized
eometry local minimum of each complex, acid and CD were re-
ptimized separately. This procedure allows the determination
f consistent energetic data, as each relative energy is calculated
y reference to the geometry of the complex.

.2.3.2. Normal modes analysis. For infrared spectrum of the
omplexes, vibrational frequencies and intensities were deter-
ined by finite differences. All the calculated frequencies

re positive assuring that the calculated geometry is indeed a
ocal minimum. Calculated harmonic vibrational frequencies
ere scaled down by a factor of 0.9532 (Scott and Radom,
996). To visualize the normal modes, the Molden v. 3.5

oftware for Windows® was used (Schaftenaar and Noordik,
000). To compare with the experimental results, simulated
R spectra were calculated using the Swizard program revi-
ion 4.1 (Gorelsky, 2005) using the Lorentzian model. The
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Table 1
1H chemical shifts corresponding to maleic acid and �CD in free and in com-
plexed state

Protons δ(free) δ(complex) �δa

�CD
H1 5.142 5.133 0.009
H2 3.722 3.713 0.009
H3 4.035 4.024 0.011
H4 3.654 3.646 0.008
H5 3.926 3.913 0.013
H6 3.950 3.942 0.008

Maleic acid

�
o

3

s

a
h
t
a
s
e
t

complex. A cross-peak between the proton of fumaric acid and
H3 and H5 of the �CD is observed. This confirmed the inter-
molecular interaction between the acid and the �CD cavity.
4 V. Barillaro et al. / International Jou

alf-bandwidths (�1/2,I) were arbitrarily taken to be equal to
0 cm−1.

.2.4. FT-IR
The transmission IR spectra were recorded from isotopically

ispersed products in KBr. The FTIR spectra were collected over
he spectral region 4000–600 cm−1 at a resolution of 4 cm−1 and
ntervals of 0.5 cm−1 on a computer interfaced Bruker Tensor
7 FTIR spectrophotometer equipped with a liquid N2-cooled
CT detector. The number of scan is 64.

.2.5. Preparation of acid/CD physical mixtures and
omplexes

The physical mixtures between acid and �CD were pre-
ared by gently grinding, in a mortar, the caculated and exactly
eighed amounts of compounds in equimolar ratio.
The solid inclusion complexes were produced using super-

ritical carbon dioxide following a method and an experimental
et-up previously described (Barillaro et al., 2004). The phys-
cal mixtures, prepared as described above, were processed by
upercritical carbon dioxide in a static mode at 30 MPa, 125 ◦C
uring 60 min.

. Results and discussion

.1. NMR studies

For each acid, the difference in the chemical shift between
he free �CD, acid and the complex has been determined.

Two-dimensional ROESY experiments have often been
uccessfully applied to prove through-space intermolecular
nteractions in CD complexes. Indeed, in the ROESY experi-

ents, dipolar interactions between protons at a distance less
han 3–4 Å are detected as cross-peaks in a bi-dimensional map,
ndicating the portion of the guest situated in the torus cavity
Schneider et al., 1998). In this study, ROESY spectra were
ollected to gain additional insights. The effects were only qual-
tatively used.

.1.1. Maleic acid
In the spectrum of maleic acid, the ethylenic protons give rise

o one resonance located at 6.249 ppm (singlet).
Table 1 reports the chemical shift values of maleic acid and

CD protons in the native and complexed forms. Recordable
ownfield shifts are observed in the maleic acid spectrum. More-
ver, in the presence of maleic acid, both H3 and H5 protons of
he �CD are shifted upfield. Because these protons are inside the
CD cavity, their shifts suggest that the acid is included inside

he �CD (Djedaı̈ni and Perly, 1990). The signals due to H1, H2,
4 and H6 are also upfield shifted but these shifts are less pro-
ounced. So, the upfiled shifts of the protons located inside the
avity of the �CD (H3 and H5) and the minor modifications of
hose located at the outside of the torus evidence the existence

f an interaction between the CD cavity and the guest, hence
omplexation.

The ROESY spectrum of the maleic acid/�CD is depicted in
ig. 1. The cross-peak between the H3 and H5 protons of the F
H 6.249 6.460 −0.211

a �δ = δ(free) − δ(complex).

CD and the proton of maleic acid demonstrates the inclusion
f maleic acid into the �CD cavity.

.1.2. Fumaric acid
As for maleic acid, fumaric acid protons give rise to one

inglet at 6.684 ppm.
Recordable downfield shifts are observed in the fumaric acid

nd recordable upfield shifts in the �CD one (Table 2). The
ighest difference (0.016 ppm) is observed on the H3 protons of
he �CD. Only the H3 proton, located inside the CD cavity, is
ppreciably shifted upfield. For the other CD protons, the upfield
hifts are less pronounced. So, these observations evidence the
xistence of an interaction between the guest, fumaric acid, and
he inside of the �CD, demonstrating the complexation.

Fig. 2 depicted the ROESY spectrum of the fumaric acid/�CD
ig. 1. Expansion from the ROESY spectrum of the maleic acid/�CD complex.
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Table 2
1H chemical shifts corresponding to fumaric acid and �CD in free and in
complexed state

Protons δ(free) δ(complex) �δa

�CD
H1 5.142 5.135 0.007
H2 3.722 3.716 0.006
H3 4.035 4.019 0.016
H4 3.654 3.651 0.003
H5 3.926 3.918 0.008
H6 3.950 3.941 0.009

Fumaric acid
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Table 3
1H chemical shifts corresponding to l-tartaric acid and �CD in free and in
complexed state

Protons δ(free) δ(complex) �δa

�CD
H1 5.142 5.102 0.040
H2 3.722 3.672 0.050
H3 4.035 3.995 0.040
H4 3.654 3.615 0.039
H5 3.926 3.891 0.035
H6 3.950 3.910 0.040

l-Tartaric acid

c
o
m
a

3

c
p
c
r
d
n

H 6.684 6.784 −0.100

a �δ = δ(free) − δ(complex).

.1.3. l-tartaric acid
The aliphatic protons of l-tartaric acid appear at 4.555 ppm

singlet).
The chemical shifts for both free and complexed state for

-tartaric acid and �CD are listed in Table 3. As previously
bserved, downfield shift is observed in the l-tartaric acid spec-
rum and upfield shifts in the �CD spectrum. The differences are
ery high and between 0.039 and 0.050 ppm while the highest is
bserved for H2 proton. In this case, the �CD protons seem to
hift in the same magnitude. This can be explained by the high
oncentration of l-tartaric acid which is 20 mM in contrast to
he one of �CD which is 10 mM. So, the interactions with the
utside and the inside of the CD cavity can occur with the same
robability. This fact can be correlated with the little stability
onstant of the l-tartaric acid/�CD complex. Indeed, Suzuki et

l. reported a stability constant of 7.8 M−1 for this complex while
t is 18.2 M−1 for maleic acid/�CD complex and 53.6 M−1 for
umaric acid/�CD complex (Suzuki et al., 1993; Csernàk et al.,
005).

ig. 2. Expansion from the ROESY spectrum of the fumaric acid/�CD complex.

t
d
a
g

F
p

H 4.555 4.722 −0.167

a �δ = δ(free) − δ(complex).

Fig. 3 depicted the ROESY spectrum of fumaric acid/�CD
omplex. Surprisingly, a cross-peak between H3 and H5 proton
f the CD and the l-tartaric acid proton appears. These two inter-
olecular cross-peaks evidence the complexation of l-tartaric

cid into the CD cavity.

.2. Molecular modeling

The results are presented as energetic outcome expressed as
omplexation, deformation and interaction energies. The com-
lexation energy is the difference between the energy of the
omplex and the sum of both partners (acid and CD) in their
espective equilibrium geometry. The deformation energy is
etermined by the difference between the energy of the part-
ers of the complex at their respective equilibrium geometry and

heir energy at the complex geometry. The interaction energy is
efined as the difference between the energy of the complex
nd the sum of the energies of both partners at their complex
eometry. The optimized geometries of the three complexes are

ig. 3. Expansion from the ROESY spectrum of the l-tartaric acid/�CD com-
lex.
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Table 4
Complexation, deformation and interaction energies in kcal/mol (�S in
cal/mol K) with the reference to both reoptimized �CD and acida

Model Maleic
acid/�CD

Fumaric
acid/�CD

l-Tartaric
acid/�CD

Complexation energy
�E −11.199 −6.479 −5.415
�H −9.115 −4.654 −1.007
�S −51.186 −49.411 −65.198
�G 6.147 10.078 18.432

Deformation energy
Acid −1.122 −0.986 −4.192
�CD −2.078 −5.022 −9.250

Interaction energy −14.399 −12.488 −18.857

a Interaction energy: energy of the complex — sum of the energy of each
partner at the complex geometry. Deformation energy: energy of the part-
ner — energy of the partner in the complex. Complexation energy: energy of the
complex — sum energy of each part in their respective equilibrium geometry.
�G is calculated at 298.15 K.

Table 5
Interatomic distances (Å) between some functions of maleic acid and �CD able
to form hydrogen bonds

Maleic acid �CD Distance (Å)

C O O H 2 2.351
O H O H 3 2.205
C O C H 3 2.546
C H C O 6 2.308
O
C

i
w
a
�
c

c
a
t
b
seen for the previous complex, C O, C O and O H functions
of the fumaric acid form hydrogen bonds with the �CD and,
moreover, some of them participate in more than one hydrogen
bond. The deformation energy of fumaric acid is weak, but the

Table 6
Interatomic distances (Å) between some functions of fumaric acid and �CD able
to form hydrogen bonds

Fumaric acid �CD Distance (Å)

C O O H 2 2.229
C O O H 2 2.277
C O C H 3 2.336
O H C O 3 2.395
ig. 4. Optimized structures of the acids/�CD complexes. Maleic acid/�CD
nclusion complex. Fumaric acid/�CD inclusion complex. l-Tartaric acid/�CD
nclusion complex.

epicted in Fig. 4. Energies, entropy and enthalpy are presented
n Table 4.

As observed for all the studied complexes, the difference of
ree energy (�G) is positive indicating that a contribution of
nergy is necessary to form these complexes. Some interesting
nteratomic distances could be pointed out on optimized com-
lexes. The formation of hydrogen bond between the acid and
he CD can be observed. Indeed, a distance less than 3 Å between
nitrogen or an oxygen and hydrogen (aliphatic or not) allows

he formation of a bond which stabilizes the complex (Dive et
l., 1993).

The results show that maleic acid forms a stable complex

ith �CD (�E < 0). The interaction energy is high and equal

o −14.339 kcal/mol. This feature is correlated with the for-
ation of numerous hydrogen bonds between maleic acid and
CD which consolidates the inclusion complex and improves the

C
C
C
O

H C O 6 2.143
O O H 6 2.201

nteraction and also the complexation energy value (Table 5). As
e can see, C O, O H and ethylenic C H functions of maleic

cid are involved in the formation of hydrogen bonds with the
CD. Moreover, the deformation energy is weak. The feature
an promote the inclusion.

For fumaric acid/�CD complex, Table 4 shows that the
omplexation energy is stabilizing (�E < 0). Moreover, the inter-
ction energy is high (−12.488 kcal/mol) and, as observed for
he maleic acid/�CD complex, this high value is due to hydrogen
onds formation between fumaric acid and �CD (Table 6). As
O C H 5 2.452
O O H 6 2.267
O O H 6 2.293
H C O 6 2.144
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Table 7
Interatomic distances (Å) between some functions of l-tartaric acid and �CD
able to form hydrogen bonds

l-Tartaric acid �CD Distance (Å)

C O C H 3 2.237
C O O H 2 2.132
O H carb C O 2 2.129
C O carb O H 2 2.537
C O alc C H 3 2.271
O H alc O H 2 2.152
C O alc C H 3 2.825
C O O H 3 2.229
C
O

o
m

p
d
a
m
h
m
�
l

c
t
t
S
a

3
a

c
w
m
s
r

e

3

F
i
l
r
a
a
d
t
p
1

Fig. 5. Expansion of the infrared spectra for the maleic acid/�CD systems: (a)
e
t
a

b
t
b
t
o
I
o
b
H
f
i
s
f

O carb C H 5 2.377
H alc C O 6 2.174

ne of the �CD is much higher (−5.022 kcal/mol). �CD needs
ore energy to fit its shape in the complex than fumaric acid.
l-tartaric acid/�CD complex also exhibits a stabilizing com-

lexation energy (�E < 0; Table 4). Surprisingly, the energies of
eformation are very high, −4.192 kcal/mol for l-tartaric acid
nd −9.250 kcal/mol for �CD. So, the guest and the host need
uch energy to adapt their shapes at the complexed state. The

igh level of interaction energy is explained by the formation of
uch more hydrogen bonds between the l-tartaric acid and the
CD than in the other studied complexes. These interactions are

isted in Table 7.
In conclusion, all the studied complexes show stabilizing

omplexation energies and the highest value is observed for
he maleic acid/�CD complex. This last complex also shows
he weaker deformation energy and higher interaction energy.
o, the stability of the complexes is in the order: maleic
cid/�CD > fumaric acid/�CD > l-tartaric acid/�CD.

.3. Theoretical and experimental vibrational study of the
cids/βCD complexes

In order to understand the behaviour of acids during the super-
ritical carbon dioxide treatment, acids/�CD physical mixtures
ere processed with the same procedure that has been applied to
iconazole/CD(/acid) complexes (Barillaro et al., 2004). FT-IR

pectra of physical mixtures and corresponding complexes were
ecorded.

The theoretical spectra were constructed and compared to the
xperimental ones.

.3.1. Maleic acid/βCD complex
The spectra for maleic acid/�CD systems are depicted in

ig. 5. Spectral modifications are observed between the phys-
cal mixture and the complex. Indeed, the carbonyl stretching
ocated at 1734.1 and 1706.9 cm−1 in the physical mixture are
espectively shifted at 1732.3 and 1700.7 cm−1 in the complex
ssuming the interaction between the acid and the CD. The band
t 1637.6 cm−1, visible in both physical mixture and complex, is

ue to water contained in the sample. The theoretical spectrum of
he complex confirms this hypothesis. Indeed, AM1 calculation
redicts two frequencies of the C O stretching at 1986.7 and
967.6 cm−1. The C C stretching is predicted at 1810.8 cm−1

a
a
m
i

xperimental spectrum of maleic acid/�CD physical mixture, (b) experimen-
al spectrum of maleic acid/�CD complex, (c) calculated spectrum of maleic
cid/�CD complex.

ut is not observed in the complex spectrum. Then, deforma-
ions of the hydroxyl groups of the �CD and of the acid occur
etween 1495.8 and 1442.3 cm−1. Finally, the deformations of
he C H of the CD and the OH deformation of the �CD and
f maleic acid are calculated between 1386.6 and 1334.7 cm−1.
t is well known that semi-empirical and Hartree–Fock meth-
ds typically overestimate the harmonic vibrational frequencies
y neglect of the correlation energy (Scott and Radom, 1996;
older and Barley, 1993). After the application of a scaling

actor of 0.9532, a residual overestimation, due to the method
tself, is observed. Indeed, AM1 method allows the study of large
ystem with an attracting computational cost, but its accuracy
or predicting vibrational frequencies is about 126 cm−1 (Scott

nd Radom, 1996). So, the theoretical spectrum of the maleic
cid/�CD complex is shifted after scaling but allows the assign-
ents of the bands experimentally observed. Moreover, it is

nteresting to note that the optimized geometry of the complex,
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8 V. Barillaro et al. / International Jou

tarting point for the vibrational frequency calculation, repre-
ents the thermodynamically most stable geometry but, in the
olid state, several other geometries can occur. This is why the
ands of the experimental spectra are wider than those of the
heoretical ones.

.3.2. Fumaric acid/βCD complex
Fig. 6 depicts the experimental and theoretical spectra

btained for the fumaric acid/�CD systems. Again, significant
pectral modifications are observable between the physical mix-
ure and the complex. Indeed, one band observed in the physical

ixture at 1670.1 cm−1 and assigned to C O stretching and to
ater contained in the sample splits into two bands at 1706.1 and

645.7 cm−1 in the complex. The shift of the band due to the

O stretching can evidence a modification of the fumaric acid
nvironment and thus leads to an inclusion compound. The AM1
alculation of the vibrational frequency for the complex confirms

ig. 6. Expansion of the infrared spectra for the fumaric acid/�CD systems: (a)
xperimental spectrum of fumaric acid/�CD physical mixture, (b) experimental
pectrum of fumaric acid/�CD complex, (c) calculated spectrum of fumaric
cid/�CD complex.

m
i
b
p
i

F
e
s
a

f Pharmaceutics 347 (2008) 62–70

ur hypothesis. The C O stretching is predicted at 1972.8 cm−1,
he C C stretching at 1790.4 cm−1 and is not experimentally
bservable. The OH deformation occurs at 1507.4 and at 1473.4
nd 1455.9 cm−1 for the �CD. The bands between 1304.9 and
211.2 cm−1 are assigned to �CD CH deformation. So, AM1
alculation provides theoretical spectrum in good agreement
ith the experimental one but with a shift which is intrinsic

o the approximation method.

.3.3. l-tartaric acid/βCD complex
The spectra recorded for the l-tartaric acid/�CD systems and

he theoretical spectrum are shown in Fig. 7. In the experimen-
al spectra, the band at 1733.7 cm−1 observed in the physical

ixture and attributed to C O stretching shifts to 1734.8 cm−1
n the complex and its intensity significantly increases. The
and located at 1643.1 cm−1 in the physical mixture does not
resent any modification and is attributed to the water contained
n the samples. One more time, AM1 calculation helps us to

ig. 7. Expansion of the infrared spectra for the l-tartaric acid/�CD systems: (a)
xperimental spectrum of l-tartaric acid/�CD physical mixture, (b) experimental
pectrum of l-tartaric acid/�CD complex, (c) calculated spectrum of l-tartaric
cid/�CD complex.
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ssign the experimental spectrum. So, AM1 method predicts
wo bands for C O stretching at 1976.7 and 1962.4 cm−1. The
and at 1508.1 cm−1 is assigned to deformation of alcoholic
nd of the carboxylic OH group of l-tartaric acid. The bands at
466.9 cm−1 is assigned to OH deformation of the �CD. Finally,
he bands between 1387.8 and 1307.5 cm−1 are assigned to the
H deformation of the CD. So, the theoretical spectrum pro-
ided by the AM1 approximation is in good agreement with the
xperimental one.

.4. Hypothesis on the influences of ternary agents on the
iconazole inclusion into cyclodextrins

As reported earlier (Barillaro et al., 2004), during the for-
ation of miconazole/CD complex using supercritical carbon

ioxide, low molecular weight acids generally improve the
nclusion yield. This improvement depends on several factors.
he structure and also the conformation of the acidic ternary
ompound are very important and manage the interactions
etween the host and the guest. As described in a previous paper
Barillaro et al., 2007), using molecular modeling, the interac-
ions between miconazole, CDs and acids have been studied and
epend on the nature of both the acid and the CD. With �CD,
aleic and fumaric acids stabilize the formation of complexes

y ternary inclusion structure. But the importance of this sta-
ilization is function of the C C conformation. With the same
D, the situation is totally different with l-tartaric acid. Indeed,

his acid extracts miconazole from the �CD cavity. By the oppo-
ite, with hydroxypropyl�CD (HP�CD) and HP�CD, l-tartaric
cid stabilizes the miconazole complexes. All these observations
ere confirmed by experimental results.
It is now possible to understand the genuine role of the

cidic ternary agent in the formation of miconazole/CD com-
lex. Indeed, during the complexation, two phenomena occur.
n one hand, there is the inclusion of miconazole into CD and
nally the formation of a ternary inclusion complex. On the other
and, there is also the inclusion of the acid into the CD cavity.
n this case, the acid plays a competitive role, hindering the CD
avity. The balance between the two phenomena depends on the
ature of both the CD and the acid. In association with �CD,
here is a preferential inclusion of l-tartaric acid with regard
o miconazole. The situation is very different with HP�CD and
P�CD in combination with l-tartaric acid because the forma-

ion of the ternary complex will be preferential maybe because
he large size of the molecular system allows the simultaneous
nteraction between, on one hand, miconazole and HPCD and
etween, the acid and the HPCD on the other hand.

. Conclusion

This study clearly demonstrates the interactions between
cids and �CD. 1H NMR spectroscopy gives an unambiguous
roof of the formation of inclusion complexes for the three tested

cids. The molecular modeling study at the AM1 level shows
hat all the complexes are thermodynamically stable and allows
he calculation of infrared spectra for the complexes. Some mod-
fications between the infrared spectra of the physical mixtures
f Pharmaceutics 347 (2008) 62–70 69

nd the complexes produced by supercritical carbon dioxide pro-
essing suggest the formation of genuine inclusion complexes.
he comparison between the calculated and the experimental
pectra of the acid/�CD complexes confirms this hypothesis.

At the end of this study, the complete role of the acid on
he miconazole inclusion is evidenced. Indeed, in function of
oth the CD and the acid types, the acid can either promote the
iconazole inclusion by formation of ternary complex or play a

ompetitive role hindering the formation of miconazole complex
r destabilizing the miconazole complex.
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