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Abstract

The photophysical properties of 1,1’-binaphthyl-2,2’-diyl hydrogenphosphate (BNP) have been examined with particular emphasis to the effects
of the chiral recognition of BNP by a-, 3-, and y-cyclodextrins (CDs). Fluorescence spectra and anisotropy values of the BNP enantiomers were
measured in the presence and absence of the CDs under various conditions and the chiral recognition behavior are discussed based on the acquired
fluorescence data. Small spectral shifts in the fluorescence emission allowed evaluation of the binding constant and enantioselectivity of the binding
in -, and y-cyclodextrin, but significant shifts were not observed in the case of a-cyclodextrin. Fluorescence anisotropy proved to be an effective
technique to study the enantioselective interactions, even in the case of a-cyclodextrin where a smaller binding constant and enantiodiscrimination
were confirmed. The differential thermodynamics of binding were examined by fluorescence anisotropy and are discussed with reference to
the general structural characteristic of the cyclodextrins examined. Interestingly, BNP was found to exhibit opposite thermodynamic trends for
B-cyclodextrin at low (1 mM) and high (11 mM) cyclodextrin concentrations, indicating the possibility of complex of even different modes of

enantiodiscrimination in this system.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Chiral recognition and separation play important roles in
pharmaceutical and biotechnology fields [1,2]. Various tech-
niques have been utilized in the studies of chiral recognition with
awide variety of molecules including microcalorimetry, UV—vis
absorption spectrometry, NMR, mass spectrometry, thermal
analysis and various chromatographic methods [3,4,5-18]. Flu-
orescence spectroscopy is a useful tool for the study of molecular
recognition and chiral discrimination. It can provide useful infor-
mation about host—guest interactions with a high sensitivity.
Various approaches using fluorescence spectroscopy have been
used for the study of chiral recognition [19-30]. Most of them,
however, involve the measurements of fluorescence emission
intensities, spectral shifts and quenching effects. Recently, we
have explored the use of fluorescence polarization (anisotropy)
in the study of chiral recognition [30-35]. A strong correlation

* Corresponding author. Tel.: +1 618 453 6475; fax: +1 618 453 6408.
E-mail address: mmccarroll@chem.siu.edu (M.E. McCarroll).

1010-6030/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.jphotochem.2006.09.015

between chiral selectivity and anisotropy ratio was observed for
different chiral compounds with various selectors. Unlike inten-
sity measurements, fluorescence anisotropy is based primarily
on the measurement of molecular rotation mobility, rather than
changes in emission spectra. Thus, it eliminates the requirement
of enantioselective spectral perturbations and is more broadly
applicable. Briefly, the binding of a chiral fluorophore to a selec-
tor, such as cyclodextrin, results in a slower rotational rate and an
increased anisotropy value [36]. Often the two enantiomers of a
chiral compound will interact with differing stabilities (i.e. chi-
ral recognition). In this scenario the enantiomer that binds more
strongly will have a larger binding constant and will exhibit
larger fluorescence anisotropy values. The magnitude of this
difference has been shown to correlate well with the selec-
tivity expressed in the system [32,33,35] and can be used to
evaluate enantioselective interactions. In this work, steady state
fluorescence spectroscopy was used to study the complexation,
chiral recognition and the enantioselective thermodynamics of
1,1-binaphthyl-2,2’-diyl hydrogenphosphate (BNP) with a-, B-
and y-cyclodextrins (CDs). Fluorescence spectra and anisotropy
values of the BNP enantiomers were measured in the presence
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and absence of the CDs under various conditions and the chi-
ral recognition behavior are discussed based on the acquired
fluorescence data.

2. Experimental
2.1. Fluorescence anisotropy measurements

A modular spectrofluorometer (Photon technology Interna-
tional Inc., London, Ontario, Canada) equipped with double
monochromators and a photon counting PMT detector was
used for all fluorescence anisotropy measurements. A Xe lamp
was used as an excitation source. Measurement temperature
was controlled and adjusted using a NESLAB thermocirculator
(NESLAB Instruments, Inc., Newington, NH). Quartz cuvettes
were used for all fluorescence measurements.

2.2. Sample preparation

Solutions used in this experiment were prepared with phos-
phate buffer (50mM, pH 6.9) and the concentration of BNP
ranged from 10 to 50 uM The a-, B- and y-CD solutions
were prepared by dissolving solid CD in phosphate buffer
(50mM, pH 6.9). All solutions were mixed by sonication for
~20min and allowed to equilibrate for at least 30 min. -
Cyclodextrin was a gift from Cerestar USA, Inc. (Hammond,
IN). The a- and y-cyclodextrin, as well as the pure enantiomers
of BNP, were purchased from Aldrich (Milwaukee, WI) and
were used as received. The enantiomeric purity of the BNP
was stated as >98% for the R-enantiomer and >97% for the
S-enantiomer. Water used in all experiments was purified by
a Milli-Q system (Millipore Inc. Milford, MA) to a resistiv-
ity of at least 18 MQ2cm™!. All other chemicals were used as
received.

2.3. Theory

A theoretical treatment detailing the relationship between the
measured steady-state fluorescence anisotropy and association
constants has been previously introduced [32]. Because fluo-
rescence anisotropies are additive, the measured anisotropy of
a fluorophore interacting with a selector is a weighted average
based on the fractional distribution between the rapidly rotat-
ing free species and the more slowly rotating bound species.
Assuming a 1:1 association stoichiometry the fractional distri-
bution can be represented in terms of the binding constant, K,
the concentration of free selector, S, and the anisotropy of the
free and bound species, ¢ and ry, respectively (Eq. (1)).
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Many factors can affect the average anisotropy value in a given
system and can lead to artifacts. Non-enantioselective factors,
however, affect both enantiomers equally and do not lead directly
to a difference in anisotropy values between two enantiomers.
Thus, the enantioselectivity can be specifically examined by the

ratio of anisotropy values, as is shown in Eq. (2),
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which effectively demonstrates the ratio of anisotropy values
is a function of the differences in anisotropy values of the two
diastereomers (rp g and rp g), the binding constants, K, and the
concentration of free selector, S. We have recently shown [32]
that the natural logarithm of Eq. (2) can be related to the differ-
ential thermodynamics of enantioselective binding (Eq. (3)).
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Hence, the fluorescence anisotropy can be used as a sensitive
measure of the chiral selectivity [33] and to investigate the ther-
modynamic parameters of enantioselective interactions [32].

3. Results and discussion
3.1. Fluorescence emission spectra of BNP

In aqueous solution (phosphate buffer 50 mM, pH 6.9), BNP
emits a single broad fluorescence emission band between 350
and 400 nm with a maximum of 378 nm that shifts to shorter
wavelengths in less polar solvents (Fig. 1). The observed shift
can be attributed to the decreased polarity of the BNP environ-
ment with the addition of the organic solvents, which increases
the energy difference between ground and excited states of BNP
[37].

Fig. 2 shows the fluorescence emission spectra of BNP in the
presence of a- and B-CD. A blue-shift in maximum emission
was observed for B-CD complexes whereas no emission shift is
shown for a-CD complexes. The y-CD complex shows a shift
similar to that of 3-CD, albeit at a slightly lower intensity (data
is not shown). The observed spectral shifts can be attributed
to the formation of inclusion complexes of BNP with (3- and
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Fig. 1. Fluorescence emission spectra of BNP in various solvent systems.
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Fig. 2. Fluorescence emission spectra of the enantiomers of BNP in the presence
of a- and B-CD.

v-CDs and the resulting hydrophobic microenvironment. This
interpretation is supported by the fact that the fluorescence shifts
are very similar to those observed in organic solvents (Fig. 1).
Also, S-BNP exhibited a greater spectral shift than did R-BNP,
suggesting that S-BNP forms more stable complex with (3- and
v-CD than does the R-enantiomer, as confirmed by elution order
in CE and by fluorescence anisotropy measurements. By con-
trast, a-CD complexes do not show any apparent spectral shifts
and intensity enhancement, which can be ascribed to its smaller
size of CD cavity that is not large enough to include the bulky
naphthalene ring of BNP in a stable inclusion complex.

Fig. 3 shows the comparison of the measured anisotropy for
R- and S-BNP with a-, B- and vy-cyclodextrin. Significant dif-
ferences in anisotropy are observed in each case, with B- and
v-CD complexes displaying a much higher anisotropy than o-
CD, which can be explained by a larger fraction of bound species
as a result of a better size match between the analyte and the
cavity of 3- and y-CD. By contrast, the a-CD complex shows
the lowest anisotropy value (~0.002), which is consistent with
the size exclusion of BNP by the smaller cavity of a-CD. This
result is in agreement with that of the spectral study discussed
in previous section.

Fig. 4 shows the anisotropy ratios of BNP enantiomers with
o-, B- and y-CDs. The concentrations of 3- and y-CD were
11 mM. A higher concentration of a-CD (42 mM) was used in
the case of a-CD to increase the number of bound species. Var-
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Fig. 3. Anisotropy of BNP with a-, - and y-CDs.
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Fig. 4. Anisotropy ratio of BNP with a-, - and y-CD.

ious degrees of chiral recognition were observed for all three
CDs. The complexes of 3-CD exhibited the largest anisotropy
ratio while a-CD displayed smaller values. Based on size consid-
erations, BNP can form a stable complex with 3-CD by insertion
of one of the naphthalene rings into the cavity of B-CD. A high
level of chiral recognition is achieved due to the precise confor-
mational complementarity and restricted movement of BNP. In
comparison with 3-CD, vy-CD has a larger cavity. Thus, it can
be expected that the BNP enantiomers would have increased
motional freedom, reducing the observed chiral discrimination,
as is evidenced by the relatively small differential anisotropy
observed, especially in comparison with the 3-CD system.

The a-CD system does not form a stable inclusion complex
with BNP due to the small cavity size. The observed small differ-
ence in anisotropy of R- and S-BNP complexes can be primarily
attributed to hydrophilic interactions, such as hydrogen bond-
ing. BNP may form a head-to-head complex with a-CD via
hydrophilic interactions of the phosphate moiety. A similar situ-
ation has been reported for complexes formed between BNP and
linear oligosaccharides, in which BNP was reported to form a
non-inclusion complex via hydrogen bond interactions [38]. The
magnitude of the chiral selectivity of BNP with a-CD measured
by CE in our laboratory (data not shown) is very close to that of
BNP-oligosaccharides complexes reported in literature [38].

3.2. Effects of CD concentration on chiral recognition

For a given host—guest system, the measured anisotropy
is dependent on the association constants, the fluorescence
anisotropy of the bound fluorophore and the concentration of
host (chiral selector). For a given analyte-selector solution, asso-
ciation constants and the anisotropy values of the bound species
should be constant at a given temperature and the measured
anisotropy is a function of selector concentration. In general,
the measured (average) anisotropy increases with increasing
selector concentration due to an increase in fraction of bound flu-
orophore. Fig. 5 shows the variation of the measured anisotropy
of BNP as a function of concentration for - and y-CD. As
is expected, the average anisotropy increases with increasing
CD concentrations in the both cases. The anisotropy initially
increased quickly and gradually approached a constant value.
In the range of CD concentrations evaluated, S-BNP displayed
a higher anisotropy value than did R-BNP for the both CDs.
However, the anisotropy of R- and S-enantiomers changes dif-
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Fig. 5. Fluorescence anisotropy as a function of CD concentration for the enan-
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Fig. 6. Plots of r/r vs. [CD] for BNP with 3- and y-CD.

ferently as a function of CD concentration, resulting in a varying
anisotropy ratio. Fig. 6 shows the anisotropy ratio of BNP com-
plexes as a function of CD concentration with 3- and y-CDs. The
measured anisotropy ratio shows a maximum value at a low CD
concentration (between 1 and 2 mM). Thus, a high level of chiral
recognition could be achieved at much lower concentrations of
CDs, an interesting result in light of the fact that selectivity is
typically not dependent on the selector concentration.

To further investigate the effect of CD concentration on the
anisotropy ratios of BNP—3-CD complexes, the change in the
emission spectra was measured with varying 3-CD concen-
tration (Fig. 7). The intensity enhancement and blue-shifts in
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Fig. 7. Variation of fluorescence emission of R-BNP with concentration of 3-
cyclodextrin.
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Fig. 8. Double reciprocal plots for R- and S-BNP with 3-CD.

fluorescence emission are observed with increasing CD concen-
tration. Fig. 8 shows the double reciprocal plots of Al versus
[B-CD] for R- and S-BNP complexes.

Interestingly, a non-linear relationship between [(3-CD] and
Al s observed for S-BNP omplexes while an linear relationship
is observed for R-BNP. It seems that S-BNP exhibits different
behavior with varying CD concentrations. The reciprocal plots
of [B-CD] versus Al for S-BNP is curved downward in a range
of low CD concentration (<3 mM) while it shows linear behav-
ior at high concentrations (>5 mM), possibly indicating that the
complexation of S-BNP with B-CD is governed by different
mechanisms at high and low CD concentrations. For example,
a 1:1 stochiometry is indicated at a range of higher CD con-
centration (>5 mM) by the linear relationship that is observed.
A more complicated mechanism may be involved at lower CD
concentrations. Evaluations assuming both the first order and
second order complex formation show a non-linear relationship
for S-BNP—(3-CD, which rules out the possibility of the forma-
tion of purely 1:1 or 1:2 complexes between (3-CD and S-BNP.
The downward curvature may indicate the formation of more
2:1 complexes between them, i.e. at a low CD concentration;
two BNP molecules may complex with one B-CD to form 2:1
complexes. This is agreement with the results of anisotropy mea-
surement discussed earlier in this section which showed a much
higher anisotropy ratio at a low CD concentration.

Fig. 9 shows the double reciprocal plot for BNP enan-
tiomers at high CD concentrations (>6 mM), from which the
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Fig. 9. Double reciprocal plot for BNP enantiomers at high CD concentrations.
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Table 1

Thermodynamic and anisotropy data for BNP with CDs

Selector [CD] (mM) AAH AAS AAG rs/Tr

a-CD 42 —2.06 = 0.24 —6.62 £ 0.8 —0.09+0.34 1.029 £0.011
B-CD 1 —2.87 £ 0.18 —5.92 + 0.62 —1.11+£0.26 1.560+0.073
B-CD 11 0.79 £ 0.05 438 £0.13 —0.524+0.08 1.240 £ 0.030
v-CD 11 327 £0.18 11.96 £+ 0.59 —0.29+0.25 1.127+£0.025

corresponding association constants, Kg and Kg are deter-
mined (Kg =230.2M~! and Ky =369.6 M—1). The S-enantiomer
exhibited a larger association constant, indicating preferential
inclusion of S-BNP by (3-CD. These results are consistent with
the anisotropy measurements showing a larger anisotropy value
for the S-BNP complex.

3.3. Temperature dependence of anisotropy and anisotropy
ratio

From a fundamental perspective, both the anisotropy and
anisotropy ratio are temperature dependent. The stability of an
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inclusion complex generally decreases with increasing temper-
ature, but ultimately depends on the thermodynamics of the
systems. Thus, the anisotropy typically decreases with increas-
ing temperature due to an increase in the fraction of rapidly
rotating free species, which is in addition to the increased rota-
tional rate due to temperature dependent Brownian rotation.
With regard to chiral recognition processes, the anisotropy ratio
of the enantiomers may increase or decrease with increasing
temperature, depending on the characteristics of the temperature
dependence of the individual complexation processes involved.

Fig. 10A—C shows the anisotropy of the enantiomers of BNP
with a-, B- and y-CDs as a function of the reciprocal tem-
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Fig. 10. Anisotropy (A—C) and anisotropy ratio (D-F) of the enantiomers of BNP with a-, -, and y-CD.
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perature. The measured anisotropy decreases with increasing
temperature for all three CDs, though the slopes and intercepts
vary for the different CDs. Fig. 10D-F shows the natural log-
arithm of the anisotropy ratio for the data shown in A—C. For
the BNP—3-CD and BNP—y-CD systems the anisotropy ratio
increases with increasing temperature, whereas it decreases with
increasing temperature for a-CD complexes. Thus, a high degree
of chiral recognition can be achieved at a higher temperature for
[ and y-CD, while better enantiodiscrimination occurs at a lower
temperature for a-CD.

As discussed in Section 2.3 and demonstrated previously
[32], the temperature dependence of the anisotropy ratio can
be used to evaluate the thermodynamics of the chiral recogni-
tion processes. The corresponding thermodynamic properties,
AAHgs and AASgs, can be estimated from the slopes and
intercepts of the temperature-dependent plots. Table 1 shows
the anisotropy and thermodynamic parameters determined from
the resulting plots for different CD complexes. The differential
free energy changes, AAGggs, were calculated from the esti-
mated AAHgs and AASgs. A negative slope and a positive
intercept are observed in the cases of 3- and y-CD complexes,
whereas a positive slope and a negative intercept are obtained
for a-CD complexes. These results indicate a less favored (posi-
tive) enthalpy change and more favored (more positive) entropy
changes with 3- and y-CD while more favored (more nega-
tive) enthalpy change and less favored entropy change for a-CD
complexes. These indicate an enthalpically dominant process
for chiral recognition by a-CD but an entropical-driven process
by B- and y-CDs. This result is agreement with the thermo-
dynamic parameters reported by Kano et al. [38] that detailed
a positive differential enthalpy change and positive differential
entropy change for the formation of the 3-CD-BNP complex.
Hence, the chiral recognition process becomes more entropi-
cally dominant for the BNP-CD system in the order of a-,
B- and y-CDs. A possible explanation is an increase in the
motional freedom of the analyte in the cavities of CDs. How-
ever, the extent of chiral recognition depends on differential
free energy change that is a sum of contributions of differen-
tial enthalpy and entropy changes involved. Inspection of Table 1
shows the largest differential free energy change (absolute value)
increases in an order of a-, y- and B-CDs, which is in agree-
ment with the anisotropy data. Although the y-CD complex
shows a larger enthalpy and entropy changes than that of (3-
CD, the differential free energy change is comparatively small
due to the enthalpy and entropy compensation. The BNP—a-
CD complex shows a small free energy change, which likely
results from the much weaker host—guest interactions of this
system.

Fig. 11 shows the plots of the natural logarithm of the
anisotropy ratio of BNP in the presence of B-CD and as a
function of reciprocal temperature at two different CD concen-
trations (1 and 11 mM). Very interestingly, opposite trends were
observed at the two CD concentrations. The plot obtained at
a low CD concentration displays a positive slope and negative
intercept while it shows a negative slope and positive intercept at
a high CD concentration. The thermodynamic parameters esti-
mated from the resulting plots (Table 1) suggest an enthalpically

0.54
y =345.51x - 0.7119
R® = 0.996
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Fig. 11. Temperature dependence of BNP and 3-CD at CD concentrations of 1
and 11 mM.

dominant process at a low CD concentration but an entropically
dominant process at a high CD concentration. This is consistent
with the results obtained from the studies of fluorescence emis-
sion spectra and the anisotropy measurements discussed before,
which revealed distinct behaviors of BNP—3-CD complexes at
different CD concentrations. This result is also in agreement
with results obtained in capillary electrophoresis studies (data
not shown).

4. Summary

A comparative study of the complexation and chiral recog-
nition behavior toward BNP was conducted by combination of
fluorescence anisotropy and fluorescence spectral measurements
using native a-, 3- and y-CDs as chiral selectors. The blue-shifts
and intensity enhancement in fluorescence emission that were
observed in the cases of B- and y-CD can be attributed to the
formation of inclusion complexes. The observed spectral shifts
differ for R- and S-enantiomers, allowing spectral investigation
of enantiodiscrimination between R- and S-BNP. However, spec-
tral shifts were not detected for the a-CD system. Using the
technique of fluorescence anisotropy, however, all three CD sys-
tems could be examined and were found to exhibit differential
anisotropy values. Of three systems examined, 3-CD showed
the largest chiral recognition to BNP while a-CD exhibited the
smallest. In the cases of B- and y-CD, both the anisotropy ratio
and the fluorescence spectral shifts were found to be signifi-
cantly dependent on CD concentrations. Specifically, the double
reciprocal plots showed differing trends at different CD concen-
trations. Anisotropy ratio was also found to vary significantly
with CD concentration. The highest anisotropy ratio is found at
a lower CD concentration for (3- and y-CD, indicating that the
chiral recognition of BNP with 3-CD is governed by different
mechanisms at varying CD concentrations. The thermodynamic
parameters estimated from anisotropy data suggested that chiral
recognition of BNP with 3-CD is enthalpically dominant at a
low CD concentration while it is an entropically dominant pro-
cess at a high CD concentration. In the case of a-CD, the chiral
discrimination appears to be driven by enthalpic considerations
at all concentrations.
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