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The formation of inclusion complexes between methyl
orange (MO) and B-cyclodextrin (B-CD) was studied
extensively using UV -visible absorption spectroscopy.
In neutral-to-basic media, where MO is an anion, two
complexes of stoichiometries 1:1 and 1:2 (guest:host) are
formed, as determined by principal components analysis
of the absorption data. Global analysis yields precise
values of the corresponding association constants and
the spectra of each species: free MO, complex MO -CD
and complex MO-2CD. In acid media, where MO is a
zwitterion, only 1:1 complexes are formed, but the system
becomes complicated due to tautomerization of MO. The
microscopic equilibria among the two tautomers and
their corresponding complexes were resolved and
estimations of the microscopic association constants
were obtained. Finally, the application of MO complexa-
tion to the quantification of bound B-CD in a polymer
sample is presented, with a detailed description of the
experimental conditions to be used and a critical
discussion of the results obtained.

Keywords: Methyl orange; Cyclodextrins; Association equilibria;
Inclusion complex

INTRODUCTION

In the last decades cyclodextrins (CDs) have
attracted the attention of numerous researchers due
to their widespread industrial use derived from their
ability to form inclusion complexes with many
organic substrates [1]. Many attempts have been
made to develop new derivatives of natural
cyclodextrins that show an enhanced binding
capacity or can be used as building blocks for
supramolecular structures [2—-4].

The characterization of such derivatives usually
implies quantification of their complexation poten-
tial using model guest molecules. Of these, methyl
orange (MO) has become very popular since its
complexation by cyclodextrins can be studied by
visible absorption spectroscopy, a technique which is
available in most laboratories. However, the necess-
ary reference values for the association constants of
MO with natural CDs are not consistent in the
literature. Regarding complexation of MO with
B-cyclodextrin (B-CD), which is the most commonly
used natural cyclodextrin, there is a large discre-
pancy between the reported values for the associ-
ation constant in neutral-to-basic media and no
agreement about the complex stoichiometry [5-12].
In acid media, there are also discrepancies related to
the association constant [8,13-18] and the system
becomes very complex due to tautomerization of MO
(see below) [19]. Attempts to resolve the microscopic
equilibria involved are based on assumptions which
must be considered with care [13—-16]. Therefore, the
complexation of MO with natural cyclodextrins, and
in particular with B-CD, must be further investigated
in order to clarify the discrepancies found in the
literature and to define under which conditions MO
can be used as a model guest. This is the purpose of
this work, where the use of advanced methods of
data analysis allows us to carry out definite
determinations of the complexation stoichiometries
and solid estimations of the association constants
involved. The structure of the complexes formed is
also discussed on the basis of their individual
absorption spectra.
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SCHEME 1 Acid-base and tautomerization equilibria of methyl orange in aqueous solution.

Finally, an analytical application of MO complexa-
tion is presented where the amount of 3-CD bound
to a soluble polysaccharide is quantified. The
experimental procedure and data analysis are
described and a critical discussion of the assump-
tions involved and the accuracy of the results is
given.

MO is a well-known acid-base indicator, with a
pK, of 3.49 at 25°C [19]. In neutral-to-basic media,
MO is a sulfonate anion, whereas in acid media (pH
less than about 1.5) a zwitterion is formed due to
protonation either at the azo group or at the amino
group. Thus, two tautomers are present in equili-
brium in such media, the azonium and the
ammonium (Scheme 1). Further protonation of both
tautomers leads to a highly charged molecule, with
an absorption maximum at 407 nm, which predomi-
nates in very acid media (pK, = —6.1) [19].

EXPERIMENTAL

Materials

Methyl orange (Panreac PA-ACS) was used without
further purification. B-Cyclodextrin was kindly
supplied by Roquette and recrystallized twice from
distilled water and dried in a vacuum oven.
Solutions at pH 1 were prepared with HCI from
Panreac for analysis. A concentrated phosphate
buffer for the experiments at neutral pH was
prepared from Na,HPO, and NaH,PO, (Fluka PA),
with a total phosphate concentration of 0.10 M and a
pH of 6.5.

The B-CD-grafted polymer was synthesized using
soluble starch purchased from Panreac and mono-
chlorotriazinyl-B-cyclodextrin Na-salt (MCT-B-CD)
from Wacker (Scheme 2). Synthesis and purification

o
0
O0__N__Cl OH
b T N+ L —
Y HO OH R
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procedures are described elsewhere [20]. UV and IR
absorption spectra confirmed the binding of MCT--
CD to the polysaccharide.

Sample Preparation

To obtain reliable experimental data in titrations
with B-CD it is very important to maintain a
highly reproducible concentration of MO in the
samples. Therefore, the following procedure was
applied: a solution of MO with a suitable
concentration for absorption measurements
(around 5 X 10 °moldm >) and the desired pH
was prepared, and a certain volume of this
solution was used to dissolve the necessary
amount of B-CD to obtain a B-CD stock with a
concentration of about 11 X 10" *moldm >
Samples with different B-CD concentrations were
then prepared in 5ml flasks by adding the
necessary amount of the MO + B-CD solution
and filling to end volume with the MO solution.
The same procedure without MO was followed to
prepare the B-CD solutions used as reference in the
absorption measurements. The desired pH values
were obtained by adding the necessary amounts of
1M HCI for the solutions at pH 1 or phosphate
buffer for the neutral solutions. The final phos-
phate concentration in the latter solutions was
0.010M.

Absorption Measurements

Absorption spectra were recorded using a Varian-
Cary 300 spectrometer with quartz cells of 10.0 mm
path. Baseline was recorded with water in both
sample and reference cells. Eventual shifts of the
baseline were corrected by subtraction of a constant

e
o R<H (unsubstituted AGU)
o OH
Q N
-0 OH B'Cﬁ \l// “/
R= NYN

ONa
{substituted AGU)

SCHEME 2 Synthesis route for the MCT-B-CD-grafted polymer used in this work. AGU: anhydroglucose unit.
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absorbance. The important optical effect of B-CD on
the absorption spectra was corrected using a 3-CD
solution as reference with the same concentration as
the sample solution. A Haake cryostat was used to
maintain a constant temperature of 25°C during the
titration measurements and to perform the series
with temperature variation.

For quantification of the amount of B-CD bound to
the polymer chains, the absorption spectrum of an
exactly measured volume (=3cm®) of MO solution
buffered at pH 7 was recorded. Then, about 10 mg of
B-CD-grafted polymer (depending on solubility) was
added to the MO solution directly in the measuring
cell and dissolved with the aid of magnetic stirring.
The spectrum of this mixture was then recorded. To
avoid light dispersion it is very important that the
entire amount of the solid is dissolved. The total
concentration of MO was about 10 °moldm > and
its precise value was obtained from the absorption
spectrum. Also, it was checked that the MCT--CD
does not absorb in the working wavelength range
and that the presence of ungrafted polymer has no
influence on the absorption spectrum of MO with or
without B-CD.

NMR Measurements

NMR titrations of MO with B-CD were performed
only at neutral pH, since the solubility of MO at pH 1
is too low for this kind of experiment. Samples were
prepared by mixing different amounts of equimolar
stock solutions of MO and B-CD in D0, according to
the continuous variation method. The pH was
adjusted by adding the necessary amounts of KOD
to the stock solutions. "H NMR spectra of those
mixtures were recorded using a Bruker AC spec-
trometer at 300 MHz at 298.1 = 0.1K.

Data Analysis

The series of absorption spectra recorded in the
titrations with B-CD were analysed using a self-
developed procedure based on principal compo-
nents analysis and global analysis (PCGA) described
elsewhere [21]. This method can be applied to any
series of spectra which vary with an external
parameter such as the concentration of a reagent,
pH, time, etc. The first step of PCGA is the principal
components analysis (PCA), where the minimal
number of spectral components responsible for the
observed variations is obtained. This information
helps to draw up a theoretical model which is used in
the second step as a fit function for a nonlinear least-
squares global analysis using the whole spectra as
dataset. The results of this global fit are the
physicochemical parameters involved in the model
and the individual spectra of the components. All

other fits presented in this work were performed
with commercial programs.

RESULTS AND DISCUSSION

Complexation of Methyl Orange in Neutral Media

Figure 1 shows the absorption spectra of MO at
neutral pH in the presence of different concen-
trations of B-CD. A small but systematic blue shift of
the visible absorption band is observed as the
concentration of B-CD is increased, leading to the
absorbance-concentration profiles shown in the inset
of Fig. 1. These features are attributed to the
interaction between MO and B-CD to form inclusion
complexes. Most of the variations observed could be
explained by the formation of a 1:1 complex, but
there are some facts which suggest the presence of a
complex of higher stoichiometry: there are no clear
isosbestic points over the whole range of B-CD
concentration, as would be expected for a pure 1:1
complexation, and the absorbance-concentration
profiles at wavelengths in the range from 425 to
445nm show a pronounced increase followed by a
slight decrease of absorbance with increasing 3-CD
concentration, a pattern that cannot correspond to a
single complexation equilibrium. Nevertheless, such
features can only be observed with very accurate
data resulting from a highly constant MO concen-
tration throughout the series and careful correction
for the CD baseline. This may explain the discre-
pancies found in the literature data referred to above.

To deal with this problem an analysis procedure
should be performed which allows an objective
determination of the complexation stoichiometry
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FIGURE 1 Absorption spectra of MO at pH 7 in the presence
of different concentrations of B-CD, varying from 0 to 11.3 X
10~ 3mol dm 2. Inset: Plot of absorbances at 440 nm (open circles)
and at 490nm (filled circles) versus initial 3-CD concentrations.
Lines represent the fitted curves. [MOJy = 6.1 X 10" moldm°.
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FIGURE 2 Results of PCA for the series of absorption spectra of
MO at pH 7 with different -CD concentrations: (a) the first four
spectral eigenvectors in the order grey solid, grey dash-dot, black
dash, black dot; (b) the first four eigenvector profiles in the same
order as before; (c) logarithmic plot of eigenvalues versus number
of components; (d) plot of mean Durbin-Watson test values of
residual profiles versus number of included components.

involved and that provides definite values of the
association constants, as does PCGA described
above. Figure 2 summarizes the results of PCA
applied to the series of absorption spectra in Fig. 1.
Analysis was limited to the range 360-600nm,
which corresponds to the visible band, since the
variations of the UV band are very small and much
influenced by the correction of the B-CD baseline.
The direct results of PCA are the eigenvalues and the
eigenvectors, which provide statistical criteria to
determine the number of linearly independent
components which reproduce the systematic change
in the experimental spectra. The eigenvectors can be
calculated in dependence of wavelength, what we
call spectral eigenvectors (Fig. 2(a)), or as functions
of the external parameter, yielding the eigenvector
profiles (Fig. 2(b)). The number of components
corresponds to the number of eigenvectors which
show systematic variations. Nevertheless, the spec-
tral eigenvectors of absorption data usually show
additional spurious components due to instrumental
distortions inherent to this type of measurement [21].
Instead, such spurious components do not appear in
the eigenvector profiles and hence they provide a
better criterion to determine the number of com-
ponents when treating absorption data. As shown in
Fig. 2(b) the first three eigenvector profiles change
systematically with B-CD concentration, whereas the
fourth oscillates randomly. This implies three
components. The logarithmic plot of the eigenvalues
versus the number of components (Fig. 2(c)) leads to
the same result. The first three eigenvalues are
clearly much larger than the rest, which represent the
instrumental error. Another powerful statistical
criterion is the Durbin-Watson test based on the
residual profiles (Fig. 2(d)). In this case, uncorrelated
residuals (i.e. DW values above 1.5) are first obtained
when three components are included.

Therefore, PCA demonstrates that at least three
spectral components are necessary to account for the
variations of the MO absorption spectrum with 3-CD
concentration. The simplest assignment of these
components to chemical species is based on the
formation of two complexes between MO and B-CD
of stoichiometries 1:1 and 1:2, which, together with
the free MO, contribute to the observed absorption
spectra. This interpretation can be expressed by the
following chemical equations:

MO + CD 2 MO-CD 1)
MO -CD + CD 2 MO -2CD 2)

where K; and K, are the association equilibrium
constants for the formation of the 1:1 complex
(MO-CD) and the 1:2 complex (MO -2CD).

The next step in our analysis is to obtain a
mathematical function that relates the absorbance at
any wavelength (AM to the total B-CD concentration
on the basis of the model proposed. At any
wavelength the observed absorbance is the sum of
the absorbances of each of the three contributing
species, which are proportional to their equilibrium
concentrations. These concentrations can be obtained
using the mass balances for MO and B-CD and the
definitions of the association equilibrium constants.
Following this procedure and under conditions of
excess B-CD concentration ([CD] = [CD]y), the
following equation is deduced:

Ao + Ao, cpKi[CDlo + Ao 2cpKi1 K2 [CDI3

AN =
1+ K4[CD]y + K1 K>[CDJ?

3)

where
A} = e4£[MOH], 4)

is the absorbance of species X ( = MO, MO-CD and
MO - 2CD) when all the MO is in this form, & being
the corresponding molar absorptivity.

Using equation (3) as fit function, a nonlinear global
analysis is performed using the experimental spectra
as the dataset, where K; and K, and the absorbances
AMos Avio.cp and Ao ocp at all the wavelengths are
the fit parameters. In our procedure the number of fit
parameters is significantly reduced by using the
eigenvectors obtained in PCA [21]. The results of the
fit for the association equilibrium constants are: Ky =
(297 £0.05)x10°mol 'dm® and K, =(0.10 =
0.01) X 10°mol ' dm®. The value of K; is in good
agreement with some of the reported values for this
constant [5,6], but it is more precise than all of them.
On the contrary, the value obtained for Kj is about six
times smaller than the literature values [6,9]. The
main reason for this large discrepancy is probably the
assumption made in those works that the two
equilibria take place in different concentration ranges
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so that they can be treated independently. That is,
however, not the case since the two equilibrium
constants differ by only one order of magnitude.
Therefore, we suggest that our value of K5, obtained
by a simultaneous fit of the two association constants
and using the whole range of wavelengths as dataset,
is a better estimation of the real equilibrium constant.

The other direct results of the global analysis are
the individual absorption spectra of the species MO,
MO-CD and MO-2CD, i.e. the absorption spectra of
these species when the initial MO amount is free,
complexed with one B-CD molecule or complexed
with two B-CD molecules (Fig. 3(a)). The spectrum
obtained for free MO coincides exactly with the
experimental spectrum of MO in the absence of
B-CD, and this result validates our method of
analysis and the model used. The spectra of the
complexes cannot be measured directly and have not
yet been published. When compared with the
spectrum of free MO (Fig. 3(a), solid line), they differ
only in a slight shift of the visible band to higher
energies. Nevertheless, a thorough analysis of these
spectra makes clear their significant differences and
provides information about the microenvironment of
MO inside the B-CD cavity: for this, each spectrum is
decomposed into two bands using spectroscopic
lognormal functions [22], and the contributions of the
two bands are compared (Fig. 3(b)—(d)). Reeves and
coworkers [23] showed that the visible spectra of MO
in different solvents and solvent mixtures can be
explained by the combination of two bands centered
at about 21000cm ™' and 24000cm ™. In water the
contribution of the low-energy band is very

A/ nm A/nm
400 450 500550 400 450 500550
“_25F T T T1C T T T]
S5 7\ a \ b
c 20| S 4F £ -
© 3 /
— 15} B\ 4} , / -
£ 3
© 1 74 !‘1 1l /\ |
= 51 L\ /N J
w P 3 4 AN
0 1 1 1 1 ‘\ L 1 ..\ i
- 25 n L "L\ T L L] ¥ ] -
£ SN cC ~ d
mE 20 ] 1 4k \ -
o o" \ A
— 15} / LR 4F -
o Fd |
E10F / M ‘.‘ 4+ a
© i/ / 1
= 5 AN 4 y
@ ”"f iy‘m \ 1 Lo “!l 1 A
26 24 22 20 18 26 24 22 20 18
v/10° em™ v/10°cm™’

FIGURE 3 (a) Individual absorption spectra of free MO (solid
line) and its inclusion complexes MO-CD (dashed line) and
MO-2CD (dotted line) as obtained by global analysis of the
experimental absorption spectra at pH 7. (b,c,d) Decompositions
of the absorption spectra of free MO and the complexes MO-CD
and MO -2CD into two contributing bands.

important, whereas the high-energy band predomi-
nates in organic solvents. The low-energy band is
attributed to a 77— 7" transition which is red-shifted
due to hydrogen-bond interactions between water
and the azo nitrogens, whose basicity is enhanced by
the p-amino group. Our decomposition of the
individual absorption spectra yields two bands
analogous to those obtained by Reeves et al., in
different solvents. The contribution of the low-energy
band is large in the spectrum of free MO (Fig. 3(b))
and decreases significantly in the spectrum of
MO CD (Fig. 3(c)) and still more in the spectrum of
MO - 2CD (Fig. 3(d)), whereas the contribution of the
high-energy band increases. These results show that
hydrogen-bond interaction between water and the
azo nitrogens is hindered by the inclusion of MO into
one B-CD cavity and, to a larger extent, when MO
complexes with two B-CD molecules. This suggests
that the B-CD cavity partially includes the azo group
in the MO-CD complex, but is essentially located
around one of the aryl groups. In the case of the
MO -2CD complex, the non-negligible contribution
of the low-energy band can be explained by
incomplete inclusion of the azo group in the B-CD
cavities or by hydrogen-bond interactions with water
molecules present inside the cavities.

NMR data of MO-B-CD mixtures confirm the
results of absorption measurements. Chemical shift
displacements (A3), i.e. displacements of the
observed chemical shift in the mixtures with respect
to the pure substance, were determined for three CD
protons that face the inner cavity (Fig. 4(a)). All
three protons show negative displacements that are
larger for the H-5 proton, which is in the middle of
the cavity. These displacements reflect the existing
interactions between MO and B-CD due to the
complexation process. The corresponding Job plots
(Fig. 4(b)) confirm the formation of both 1:1 and 1:2
complexes in the mixtures, since their maxima lie at
values of the CD molar fraction between 0.5 and
0.66, which are typical for pure 1:1 and 1:2
complexes, respectively. Quantitative analysis of
the observed chemical shift displacements, using

2 | I i P I N T

0 020406081.00 020.4060.81.0
X X

MO (i3]

FIGURE4 (a) Chemical shift displacements (A8) of 3-CD protons
obtained in the '"H NMR titrations of MO with 3 -CD. Symbols are
experimental data for protons H-3 (filled squares), H-5 (filled
circles) and H-6 (filled triangles) and lines represent the curves
resulting from the fits. (b) Job plots (XcpAd versus Xcp)
corresponding to the data in (a).
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global analysis and an analytical solution of the
corresponding cubic equation as described else-
where [24], yields estimations of the association
equilibrium constants for the formation of MO-CD
and MO-2CD that are in agreement with the much
more precise values obtained from absorption
spectra: K; = (4.7 +3.3) X 10°mol 'dm?® and K, =
(0.37 £ 0.43) x 103 mol " dm?3. The large errors in
these estimations are mainly due to the lower
sensitivity of NMR compared with absorption
spectroscopy in combination with the strong
parameter correlation. Nevertheless, satisfactory
fits are also obtained fixing the values of K; and
Kj to those determined from absorption data, which
indicates good quantitative agreement between the
two types of data.

Complexation of Methyl Orange in Acid Media

The ability of MO to form inclusion complexes with
B-CD was further investigated at pH 1, at which MO
is protonated in aqueous solution (MOH). Figure 5
shows the variation of the MOH absorption
spectrum when adding different concentrations of
B-CD. The intensity of the visible band decreases
strongly when increasing the B-CD concentration,
whereas the UV band increases significantly. A clear
isosbestic point is observed at about 430nm,
indicating a single association equilibrium between
MOH and B-CD. PCA analysis confirms this
interpretation, since two components are enough to
reproduce the systematic variation of the MOH
absorption spectrum with B-CD concentration
(Fig. 6). These two components are then assigned to
free MOH and a complex between MOH and B-CD

A
20 0.50
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16 0.40
0.35
812L 0 5 10
5 3 3
o {CD], 10 mol dm ®
208} °
0.4 |
ool 1 o , 3 PR S BT T
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FIGURE 5 Absorption spectra of MO at pH 1 in the presence of
different concentrations of B-CD, varying from 0 to 11.3 X
10> mol dm>. Inset: plot of absorbances at 320 nm (open circles)
and at 510nm (filled circles) versus initial -CD concentrations.
Lines represent the curves resulting from the fits to the
experimental data. [MO]y = 5.8 X 107> moldm 3.
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FIGURE 6 Results of PCA for the series of absorption spectra of
MO at pH 1 with different B-CD concentrations: (a) the first four
spectral eigenvectors in the order grey solid, grey dash-dot, black
dash, black dot; (b) the first four eigenvector profiles in the same
order as before; (c) logarithmic plot of eigenvalues versus number
of components; (d) plot of mean Durbin-Watson test values of
residual profiles versus number of included components.

of stoichiometry 1:1 (MOH:CD), which are in
equilibrium with constant K:

MOH + CD = MOH : CD (5)

For this mechanism and under conditions of excess
cyclodextrin, the following mathematical function
can be obtained that relates the absorbance at any
wavelength (A M to the total B-CD concentration:

A Apon + Avor:cpKICDIg

A 1+ K[CD]y

(6)

where Ao and Aponcp are the absorbances at A
when all the MOH present is free and complexed,
respectively. This function was fitted in a global
analysis using all the experimental spectra in the
range from 300 to 600nm. The fit was very
satisfactory at all wavelengths, as exemplarily
indicated by the good agreement between the fitted
curves and the experimental data (see inset of Fig. 5)
and the corresponding random residuals. The value
obtained for the association equilibrium constant
was K =220 = 1mol ! dm?. This value is in agree-
ment with that reported by Gelb and Schwartz [8]
(K =(0.23 = 0.04) x 103 mol ' dm?® at 25°C), which
was also obtained by nonlinear regression analysis,
although our value is much more accurate since it
results from global analysis of all spectra. Other
published values are significantly larger, but all were
obtained by the Benesi-Hildebrand method which
involves inadequate weighting of the experimental
data with consequent error in the estimation of the
equilibrium constant [25].

It is interesting to note that the acid used to
achieve pH 1 in the above measurements must be
carefully selected, since the anions of some usual
inorganic acids such as HCIO, and HNO; form
complexes with B-CD [26,27]. Although the
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association equilibrium constants of these anions are
relatively low, they have an important effect due to
their high concentration in comparison with methyl
orange. Thus, if HCIO, is used to prepare the
solutions, an apparent association equilibrium
constant of 105 = 1mol 'dm® for MOH with
B-CD is obtained. This means that the effective
B-CD concentration is about a half of [CD], due to
competitive complexation of the CIO, anions. Such
a value can be explained by assuming the value
of K obtained above and a stability constant of
10.7 = 0.2mol 'dm? for the CIO, anions, which is
in agreement with that reported by Gelb et al. [27].

Global analysis also yields the individual
absorption spectra of free MOH and of the
complex MOH:CD (Fig. 7). The former coincides
with the experimental spectrum of MO at pH 1
without B-CD, confirming the validity of the
analysis. The spectrum of the complex shows
the two typical absorption bands of MOH, but the
intensity ratio between the visible band and the
UV band decreases significantly, from 6.3 in free
MOH to 1.7 in the complex MOH:CD. Never-
theless, the shapes of the two bands remain
constant except for a slight broadening of the
visible band. To explain this result a more detailed
analysis of the microscopic equilibria involved in
this system must be performed.

Up to now our treatment has not considered the
equilibrium between the ammonium (am) and the
azonium (az) tautomers of MOH (see Scheme 1). In
principle, these tautomers can form two different
1:1 complexes with B-CD (am:CD and az:CD)
leading to a system of four chemical species joined
by four microscopic equilibria, as shown in Scheme 3.
This mechanism has already been proposed by
other authors [13-16], but has not been satisfac-
torily resolved. We will now attempt to obtain a
proper resolution of the microscopic equilibria using
as few assumptions as possible. This resolution
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FIGURE 7 (a) Individual absorption spectra of free MO (solid

line) and its inclusion complex MO - CD (dashed line) as obtained
by global analysis of the experimental absorption spectra at pH 1.

Kam
am + B-CD ——= amCD
Kl KtCD
Kaz
az + B-CD azCD

SCHEME 3  Microscopic equilibria of the two tautomers of MOH
and their corresponding inclusion complexes with 3-CD.

must be compatible with the analysis performed
above and explain questions such as why PCA
finds only two components contributing to the
absorption spectra of MOH with 3-CD, or what is
the meaning of the association constant K deter-
mined above.

From Scheme 3 a relation between the association
equilibrium constants of the ammonium and the
azonium tautomers, K., and K,,, and the tautomeri-
zation equilibrium constants of free MOH and
complexed MOH, K, and KP, can easily be derived:

Kam _ Kt
Ka,  KSP

@)

This relation shows that at least three of the four
equilibrium constants must be determined to resolve
the system. We will consider first the tautomerization
equilibrium of free MOH, which can be studied in
the absence of B-CD.

Previous studies [14,15,19] state that the visible
band of the MOH absorption spectrum is due to the
azonium tautomer, whereas the UV band with a
maximum at about 320 nm is mainly attributed to the
ammonium tautomer. The tautomerization constant
K, defined as the ratio of concentrations,

[az]

Ky = 8)

"7 [am]

was calculated from the observed molar absorptivity
of MOH at 316 nm using a molar absorptivity for the
ammonium tautomer at 316nm of &3® =2.50x
10*mol 'dm®cm™!, a value obtained for the
model compound 4-phenylazo-N,N,N-trimethyl
4'-sulfonato anilinium ion, which only exists in the
ammonium form. Assuming that the azonium
tautomer does not absorb at 316 nm, values of the
tautomerization constant of 3.2 [19] and 2.65 [15]
were calculated. If the azonium tautomer is
considered to contribute slightly to the UV band
with &3l =0.2x10*mol " 'dm3ecm™!, as obtained
for a model compound of this tautomer, higher
values of K; result (4.7 [19] and 3.75 [15]). Therefore,
the values of K; found in the literature are not
sufficiently accurate for our purposes.

In order to obtain a better estimation of K, the
temperature dependence of the MOH absorption
spectrum was studied. Figure 8 shows the
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FIGURE 8 Absorption spectra of MO at pH 1 at temperatures
varying from 10 to 60°C. Inset: plot of the ratio of absorbances at
510 nm and 320 nm versus temperature. Lines represent the curves
resulting from the fits (see text). [MOJy = 4.9 X 107> moldm 3.

absorption spectrum of MOH in the temperature
range from 10 to 60°C. The intensity of the visible
band decreases as temperature increases, whereas
the UV band at 320nm increases in intensity. This
indicates a change in the equilibrium concentrations
of the two tautomers, decreasing that of the azonium
tautomer and increasing that of the ammonium
tautomer as temperature is increased. More detailed
analysis of the UV region of the spectrum shows that
the second UV band with a maximum around
280nm has a complex variation, first increasing
slightly and then decreasing as the temperature is
increased. This band must be assigned to the
azonium tautomer, so that the observed variation
results from the overlap of a decreasing azonium
band and an increasing ammonium band. This
considerable overlap indicates that the contribution
of the azonium tautomer to the observed absorbance
at 316 nm cannot be neglected.

For a quantitative analysis of the temperature-
dependence data the ratio of absorbances at the
visible band (A ®'°) and at the first UV band (A %)
will be used (see inset of Fig. 8). A mathematical
function that relates this ratio to temperature must be
derived taking into account that the absorbance at
510 nm is only due to the azonium tautomer, whereas
the absorbance at 316nm is contributed by both
tautomers. Since the equilibrium concentrations of
the tautomers are related by the equilibrium constant
K}, which has a well-known thermodynamic depen-
dency on temperature, the following equation can
easily be obtained:

510 510 /316 AAS/R —AH/RT
A>D (saz /sam)e /Rg—AH/

A3l 1 4 (82;6/8211][?) eAS/Re—AH/RT

€))

where AS and AH are the variations of the entropy

and the enthalpy in the tautomerization reaction.
In this equation the two ratios of molar absorptivities
can be calculated using the values of the model
compounds and the value of &)%=6.66x%
10*mol 'dm®em™! determined from a Lambert-
Beer plot using the azonium equilibrium concen-
trations. Therefore, two parameters, AS and AH, are
left to be estimated in the nonlinear fit to the
experimental data. The fit is very satisfactory, with
good agreement between the calculated curve and
the experimental data (see inset of Fig. 8) and random
residuals. The values obtained for the parameters
are: AS = (—13.6 =0.7)Jmol 'K and AH = (—6.6 =
0.2) X 10°Jmol™!, which yield a value for the
tautomerization equilibrium constant at 25°C of K; =
2.8 = 0.3. This value is significantly lower than those
previously estimated assuming that the azonium
tautomer contributes to the UV band. It should be
noted that the small absorptivity of the azonium
tautomer at 316nm has a small effect on the
goodness of fit, but it affects considerably the fit
parameters and, as a consequence, the resulting
value of K.

Further resolution of the system involves an
analysis of the absorption spectra of MOH in the
presence of 3-CD (Fig. 5) in terms of the microscopic
equilibria of Scheme 3. The observed absorbance at
any wavelength, A*, is the sum of contributions of
the four species present, which are proportional to
their equilibrium concentrations. These concen-
trations can be derived from the definitions of the
microscopic equilibrium constants and the mass
balance for MOH. Then, and under excess B-CD,
the following expression is obtained that relates A™
to the total B-CD concentration:

AL +AL K+ AL cpKam[CDlo+AL pKa K([CD]y
14K +Kam[CD]y+Ka, K [CD]o

A=

10)

where A} (X=am, az, amCD or azCD) is the
absorbance of species X when all the MOH is in this
form, as given by equation (4).

Examining the form of equation (10), one observes
that the contributions of the two free tautomers have
an identical dependency on [CD]y and the same is
true for the two complexed tautomers. Consequently,
it is not possible to distinguish between the
contributions of the tautomers by their variation
with B-CD concentration. This explains why PCA
yields two spectral components even though four
species are present. Note that PCA gives the
minimum number of components that can explain
the observed variation and this may be less than the
number of chemical species present in the mixture
[21]. In fact, equation (10) can be written in the form
of equation (6) with the following relations among
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the parameters:

— A;\m + Agth

A ‘tam T ‘taz™M

Alion == (11
Al cpKam + A, cpKa K
A)t . _ “tamCD"Yam azCDMaz M 12
MOH:CD Koo + KK, (12)
Kam + KaZKt

K=—" 13
1+ K¢ (1%

Therefore, only these macroscopic parameters can
be obtained from the analysis of the variation of the
MOH absorption spectrum with 3-CD concentration.
The constant K, determined by global analysis of
equation (6), is a macroscopic or apparent equilibrium
constant that combines three independent micro-
scopic equilibrium constants. The absorbances Aoy
and Apjop.cp constitute the individual spectra of free
MOH and complex MOH:CD shown in Fig. 7, each
being a linear combination of the spectra of the
corresponding tautomers. It should be noted that,
even if the analysis is limited to the visible band,
where only the free and the complexed azonium
tautomer absorb, no further information concerning
the microscopic equilibrium constants can be obtained
from the experimental data.

At this point it is clear that assumptions must be
made in order to estimate the microscopic association
constants. As discussed above, the individual spectra
of free and complexed MOH (Fig. 7) differ strongly in
the intensity ratio between visible and UV bands
without significant variation of the form of these
bands. This suggests that the spectrum of each
complexed tautomer is very similar to the spectrum of
the corresponding free tautomer and that the
differences in intensity are only due to a change in
the equilibrium concentrations of the two tautomers
upon complexation. Since the intensity of the visible
band decreases, itis deduced that the concentration of
complexed azonium tautomer is lower than that of
the free tautomer. On the contrary, the concentration
of the ammonium tautomer increases upon com-
plexation. Therefore, it seems reasonable to assume
that the molar absorptivities of each complexed
tautomer coincide with those of the corresponding
free tautomer (for example, &)X, =&l =6.66x%
10*mol ! dm®cm ™). Then the ratio of absorbances
at 510 and 316 nm of the MOH:CD spectrum (Fig. 7),

ANMOr:CcD _ (entp/Eamcp)Kaz /Kam)K
Aorep 1+ (€5¢p/8men) Kaz/Kam)K
yields the following relation among the microscopic

constants, after substituting the molar absorptivities
by their values in the free tautomers:

(14)

Kaz
Kam

K¢ =10.69 (15)

Combining this equation and equation (13) and
using the values of the macroscopic association
constant K = 220mol ! dm?® and of the tautomeriza-
tion constant K; = 2.8, the following values for the
microscopic equilibrium constants are obtained: Ky =
49%x10?mol 'dm?® and K,, = 1.2x 102 mol~! dm3.
Moreover, equation (7) allows determination of the
tautomerization constant between the complexed
tautomers, K&° = 0.69, which is much lower than that
of the free tautomers, as expected.

Quantification of Polymer-bound -CD

Complexation with a dye has been proposed as an
analytical method for quantifying CDs [28,29]. MO
would be a good dye for this purpose since its
formation of inclusion complexes can be followed by
UV-Visible spectroscopy. Nevertheless, we have
shown that MO exhibits complex behaviour when
interacting with B-CD, so that suitable experimental
conditions must be chosen to simplify the system.
First, the working pH must be selected. If there are
no particular chemical features of the sample to be
considered, the larger binding capacity of MO
compared with MOH together with its greater
solubility suggest working with neutral-to-basic
media, in spite of the smaller spectral change on
complexation in this pH range. Also, tautomeri-
zation of MOH complicates its use as a guest. But, in
order to simplify the data analysis, the formation of a
1:2 complex between MO and B-CD must be
avoided. The equilibrium concentration of
MO-2CD is only important when B-CD is in large
excess, since K, is much smaller than K;. Therefore,
for a typical [MO], value of 1 X 107> moldm ™3, there
is a wide [CD]y interval up to 1 X 10 *moldm 3
where less than 1% of the total MO forms MO -2CD.

The quantification procedure involves registration
of the absorption spectrum of MO in the presence of
a certain amount of the CD derivative (in our case,
a B-CD-grafted polymer) and analysis of the data on
the basis of a 1:1 complexation between MO and the
B-CD units. This procedure implies two assump-
tions. The first is that the polymer backbone does not
itself affect the absorption behaviour of MO in the
wavelength range used. This must be verified
experimentally by registering the MO absorption
spectrum in the presence of ungrafted polymer. The
second assumption is that the binding of B-CD to the
polymer does not change the nature of its complex
formation with MO, so that the association equili-
brium constant and the spectrum of the MO-CD
complex determined with free 3-CD can be applied
to bound B-CD. There are reports [9,30,31] concern-
ing the effects of linking cyclodextrins on its
complexation ability, mainly with substrates
that can interact with more than one CD at a time.
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In the case of the polymers synthesized here, this is a
hypothesis that should be tested.

Under experimental conditions where formation
of the 1:2 complex can be neglected, the absorbance,
at a given wavelength (AY), of MO in the presence of
B-CD-grafted polymer depends on the equilibrium
concentrations of free MO and MO - CD as follows:

A* = &,02IMO] + &} [MO - CD] (16)

where &}, and &} p are the molar absorptivities
of the two species at wavelength A. The equilibrium
concentrations are related to the total concentrations
of MO and B-CD as given by the definition of the
association equilibrium constant Kj:

_ MO-CD]
(IMO]p — IMO-CD)) (ICD], — [MO-CDI)
a7

Ky

Note that, for generality, no approximation of an
excess of B-CD has been made, so that a quadratic
equation in [MO-CD] results. Solving this equation
for [MO-CD] and substituting the meaningful root
in equation (16), a solution for the total concentration
of cyclodextrin in the sample is obtained:

o — et 1

[CD]y = ———
Peh - eho.cp Ki

2o — &
+5————[MOJp (18)
&mo ~ #mo-cp
where &* is the observed molar absorptivity of the
sample calculated as follows:
A A
£[MO],

19)

Thus, using the spectrum of MO in the presence of
B-CD-grafted polymer and the spectra of free MO
and MO-CD (Fig. 3), with the value determined for
K in the titration with B-CD (K; = (2.97 = 0.05) X
103 mol~!' dm?) and the initial concentration of MO,
the total concentration of -CD in the sample can be
determined. Although the calculation can be per-
formed with the data at a certain wavelength, a more
accurate value of the total B-CD concentration is
obtained using a selected wavelength range. The best
range is that where the difference between the
absorption spectra of free MO and MO - CD is largest
and the influence of the MO - 2CD complex is small.
Observing the absorption spectra of the three species
in Fig. 3(a), the wavelength range from 500 to 540 nm
is the most suitable for analysis. Regarding the
approximation of an excess of B-CD with respect to
MO, it leads to equation (18) without the second term
and simplifies the calculation only slightly.

Once the total concentration of B-CD in the sample
is known, other quantities can be obtained that allow

characterization and comparison of different deriva-
tives. The weight percentage of bound B-CD, defined
as the weight of the B-CD residues grafted to the
polymer (wcp) related to the total weight of polymer
in solution (w), can be calculated as follows:

%wcep/w = 100[CD]yVMcp /w (20)

where V is the volume of the solution and Mcp is the
molar mass of the B-CD residue grafted to the
polymer (R of substituted AGU in Scheme 2).
Another interesting quantity is the fraction of B-CD
residues per monomeric unit of the polymer chain, f,
which measures the degree of grafting:

f __ Wcp Minon

w — wep Mcp

21

with Mo, being the molar mass of a monomeric
unit.

As an example of the above-described procedure
we report the results obtained for a sample of soluble
starch grafted with MCT-B-CD, but the method has
also been satisfactorily applied to other B-CD-grafted
polymers [20]. The absorption spectrum of MO in the
presence of 0.0073 g of the grafted polymer shows
variations typical for MO complexation with B-CD
when compared with the spectrum of free MO. In the
range from 500 to 540nm the absorbance of the
B-CD-containing sample decreases by 20-40% with
respect to absorbance in the absence of B-CD, so that
the effect is quite significant. Data analysis with
equation (18) yields reasonably uniform values of the
total B-CD concentration over the whole range of
wavelengths, with a mean value of [CD], = (8.36 =
0.07) X 10"*moldm 3. This value corresponds to a
[CD]y/[MO], ratio where formation of the
[MO-2CD] complex can be neglected, indicating
suitable experimental conditions. For routine work
the calculation can be performed with the data at a
certain wavelength representative of the useful
interval. Nevertheless, it is convenient to register
the whole absorption spectrum of the sample and to
compare it with the absorption spectra of free MO
and the MO - CD complex to detect possible artifacts
that could interfere in the analysis and to validate the
assumption that bound B-CD has the same com-
plexation behaviour as free B-CD. Regarding the
error in the estimation of [CD]y, it depends on the
accuracy of the absorption measurements, especially
determined by the baseline correction, and on the
suitability of the experimental conditions to guaran-
tee the validity of the assumptions made.

Transforming the total 3-CD concentration into the
weight percentage of bound B-CD by means of
equation (20), a value of (44.3 = 0.7)% is obtained for
this sample. The error in this result is predominantly
influenced by the error in w, so that the purity and
moisture content of the solid sample are critical
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variables to control. Also, the volume of the MO
solution should be measured precisely.

Finally, the fraction of 3-CD residues per mono-
meric unit of the polymer chain can be calculated,
resulting in a value of f = 0.1. This result indicates
that, on average, there is one 3-CD molecule per 10
anhydroglucose units of the polymer chain. Taking
into account the helical conformation of starch
(amylose) molecules, this suggests that there is no
close interaction between the bound B-CD molecules
during the formation of inclusion complexes with
MO. Therefore, the hypothesis of no effect on the
complexation ability of linked cyclodextrins is
probably valid for the kind of polymers studied.

CONCLUSION

In neutral-to-basic media MO forms inclusion
complexes with B-CD of stoichiometries 1:1 and
1:2 (guest:host). The association equilibrium con-
stants, determined by absorption studies, are
Ki = (2.97 £ 0.05) X 10 mol ! dm? and K, = (0.10 +
0.01) x 10° mol ™' dm?3. In acid media MO exists as a
mixture of two tautomers (ammonium and azo-
nium) and both form 1:1 inclusion complexes with
B-CD. The macroscopic association constant is K =
220 = 1mol 'dm?® and the tautomerization equili-
brium constant is K; = 2.8 + 0.3. With these values,
estimations of the microscopic association constants
of the two tautomers can be made. The study shows
that the MO/B-CD system exhibits complex beha-
viour that must be fully understood in order to use
it as a model system. Thus, any application of MO
complexation for quantification or characterization
purposes of B-CD derivatives implies a good
selection of experimental conditions, as shown in
the example presented. This statement is also valid
for many other guest models that, due to their
bifunctional structure or their tautomerization
ability, show complex behaviour in their association
with CDs that often is not taken into account in
analytical applications.
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