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Abstract

The photophysical properties of [1;hinaphthalene]-2;2iol (BINOL) have been examined with particular emphasis to the effects of
chirality and chiral recognition. Few studies have specifically examined the photophysical properties of BINOL. This study was prompted by
preliminary observations in our laboratory that revealed anomalously high fluorescence anisotropy values for BINOL. The analyte (BINOL)
was examined in various solvents and in aqueous solutions of various pH values in order to perturb the effects of proton transfer, whick
was observed as a red-shift in the fluorescence emission. The anomalously high anisotropy value could not, however, be attributed to protc
transfer phenomena. The anisotropy was found to be concentration dependent and was attributed to the formation of dimers or other high
order aggregates. The chiral recognition of BINOL was also examined by fluorescence anisotropy measurements and compared to that
other binaphthyl analogs.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Binaphthol is a luminescent molecule that exhibits a low
fluorescence quantum yield. The low quantum yield has been
1,2-Binaphthalene-2;2diol (BINOL, binaphthol, BOH) reported as being caused by excited state rotation of the
has been widely used as the starting material for the synthe-naphthol groups along C—C single bond or photo-induced
sis of a great variety of molecular sensors, chiral selectors proton dissociatiod]. The proton transfer of excited state
and enantioselective catalyqts]. Structurally, binaphthol  2-naphthol has been investigated in the mixture of water and
is composed of two naphthyl groups connected by a sin- methanol at varying temperaturggs. It has been suggested
gle C—C bond and exists in two stereo conformatiaRs (that a four-water-cluster, ¢04)*, serves as a proton accep-
andS-BINOL) due to the steric hindrance to rotation. Study tor, and the rate of the proton transfer mainly depends on the
of the crystal structure of BINOL reveals that bath and formation and structure of the water cluster. It was shown
S-BINOL enantiomers are linked through hydrogen bonds that the rate constant of the proton transfer increased with
via the 2,2-hydroxyl groupg2], and the measured dihedral increasing temperature and decreased with increasing frac-
angles differ slightly for the two enantiomers and are reported tion of methano[5]. The decrease observed with increased
as 101.65 and 90.58 for the R andS-enantiomers, respec- methanol content is likely attributable to disruption of the
tively. In solution, however, both enantiomers of BINOL have water cluster structure and reduction in hydrogen bonding.
dihedral angles of slightly less than®93] and take a cisoid Although the structure of BINOL has been studied
conformation[1]. using different spectroscopic methods, few investigations
have specifically examined the physicochemical properties
of BINOL and binaphthyl derivatives as they relate to

* Corresponding author. Tel.: +1 618 453 6475; fax: +1 618 453 6408, Chiral recognition by various chiral selectd4,6-8] In
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behavior compared to other binaphthyl derivatives, such rophore is excited with plane polarized light, the fluorescence
as 1,1-binaphthyl-2,2-diylhydrogen phosphate (BNP) and emission will be polarized, the degree to which depends on
1,7-binaphthyl 2-2-diamine (BNA). In preliminary studies  the fluorescence lifetimer) and the rotational correlation

in our laboratory the BINOL enantiomers were found to time (¢). The rotational correlation time is in turn depen-
exhibit unexpectedly large anisotropy values in aqueous dent on the molecular volumé/), temperature in K1),
solution, which prompted a more extensive investigation of and viscosity §) of the solution. The relationship between
the chiral recognition and aggregation behavior of BINOL anisotropy and these parameters is well described by the Per-
in an effort to understand the anomalous fluorescencerin equation10,11}

polarization of BINOL.

r T tRT

L LA 1)

r ¢ ronV
2. Experimental . . .

For a given system the measured anisotropy typically depends
2.1. Material on molecular volume. Because the rotational correlation

times for most small fluorophores are very short (typi-

B-Cyclodextrin was a gift from Cerestar USA Inc. (Ham- cally, 80-100 ps), small molecules typically rotate signifi-
mond, IN). 0,0’-dibenzoyl tartaric acid (DBTA)N-acetyl cantly during their excited-state lifetimes and the anisotropy
tryptophan, phenylalanine methyl ester (PAME) and man- approaches zero. However, when a small fluorophore binds
delic acid were obtained from Sigma—Aldrich Co. (St. Louis, to a macromolecule that has a large molecular volume, the
MO). Propranolol, tryptophan, binaphthyl-2@ylhydrogen overall rotational rate will decrease, resulting in an increased
phosphate (BNP), [1/dbinaphthalene]-2;2diamine (BNA), anisotropy value. Thus, anisotropy measurements are sensi-
and [1,1-binaphthalene]-2;2diol (BINOL) were purchased  tive to molecular size, as well as host—guest interactions and
from Aldrich Chem. Co. (Milwaukee, WI). All chiral com-  microenvironmental parameters. Additionally, if the geome-
pounds were purchased as pure enantiomers and used dsy of the molecule (dihedral angle) differs in the bound form,
received. Water used in all experiments was purified by a the intrinsic anisotropy may be affected.
Milli-Q system (Millipore Inc. Milford, MA) to a resistivity In terms of chiral recognition, we have recently shown that
of at least 18 M2cm~L. All other chemicals were used as the fluorescence anisotropy is not only sensitive to host—guest
received. The molecular micelle, poly (sodium undecanoyl- interactions, but can be used to evaluate enantioselective
L-valinate) (PSUV) was synthesized and polymerized follow- binding[7,8,12] as shown in E¢(2)
ing procedures described in the literat{®¢ ravgr ok Kr Ks[S]+1

" rhs Ks Kr[S]+1

)

2.2. Fluorescence anisotropy measurements Favg s

whereraygr andraygs represents the measured anisotropy
A modular spectrofluorometer (Photon Technology Inter- ¢, the p_"and S-enantiomers in the presence of the chiral

national Inc., London, Ontario, Canada) equipped with dou- selector,Kx andKs the association constantg,z and rp s
ble monochromators and a photqn counting PMT detector o anisotropy of the bound species: asHi§ the concen-
was used for all fluorescence anisotropy measurements. A..otion of free selector (host molecule). E@) effectively

Xe lamp was used as an excitation source. Measurementoesents the effects of differential binding on the steady-
temperature was controlled and adjusted using a thermocir-g; anisotropy values. Thus, it has been shfi,12]

culator (NESLAB Instruments Inc., Newington, NH). Quartz 4t fiyorescence anisotropy can be used to examine chiral
cuvettes were used for all fluorescence measurements. discrimination between two enantiomers even though they

may exhibit the same spectral features. Here, the fluorescence
anisotropy and the observed fluorescence spectral shifts are

The BINOL stock solutions used in this experiment were used to investigate the aggregation and chiral recognition of

prepared in methanol. The solutions were prepared by allow- BINOL.

ing an aliquot of the stock solution to evaporate in a volu-

metric flask. The aqueous solution of the appropriate selector . .

was then added to the flask and mixed by sonication. The van->+ Results and discussion

comycin, polymer surfactant (P-L-SUW, B-, andy-CD ]

stock solutions were prepared in phosphate buffer (50 mM, 3-1- Fluorescence anisotropy of BINOL
pH 6.9). Water used in all of the experiments was purified as
described (vide supra).

2.3. Solution preparation

The fluorescence anisotropy of BINOL was evaluated
in various solventsTable ). The largest anisotropy value
2.4. Theory was observed in phosphate buffer at a pH of 6:8{.187)

while smallest was observed in a mixture of 95% hexane and

Florescence anisotropy is a measurement based on thé&% isopropanol(=0.011). It is interesting to note that the
polarization of fluorescence emissiffi10]. When a fluo- anisotropy of BINOL is unusually high in the most polar
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Table 1
Anisotropy of BINOL in various solvents
No. Solution r S.D. pH=3.2
1 Hexane/isopropanol (95:5) 0.012 0.001 o —
2 Chloroform 0.026 0.001 = pH=6.9
3 Isopropanol/water (50:50) 0.074 0.001 S
4 Acetonitrile/water (50:50) 0.088 0.006 c
5 Acetonitrile/water (10:90) 0.103 0.004 = pH = 11.98
6 Methanol/water (50:50) 0.123 0.005
7 Water 0.167 0.004
8 Phosphate buffer 0.187 0.003
300 350 400 450 500 550

solvents.Fig. 1 shows the anisotropy of three binaphthyl
derivatives with various chiral selectors, including, -,

and y-cyclodextrins, and vancomycin. In all cases exam-
ined, BINOL shows greater anisotropy values compared to
the oth(_ar binaphthyl analo_gs. The fluorescence _Ilfetlme of the pH 12.0 solution (from 358 to 410 nm), which can be
BINOL in an aqueous solution has been reported in the Pres-,c<ribed to the deprotonation of BINOL

ence of permethylatefl-cyclodextrin[4], whereS-BINOL The anisotropy was also measured at an extremely low
was reported to exhibit a double exponential fluorescencepH (1.6), at which proton transfer should be effectively
decay with 'Iifetimes of 2_'9 ns (95%) and 23 ns (5%,)’ vyhile eliminate,d.TabIe 2shows the anisotropy values of BINOL
Rf'EéIgOL (_jl_'ﬁplzyf?d a smg!e fcljecay curve :’.\;'th. a I'fet'm% obtained at pH 1.6 and 6.9, respectively. The anisotropy was
oros. n?j. eﬁ' erinces md uorescence li etlmgs c:n € measured at two different excitation wavelengths (290 and
expegte to a ect_t e steady-state anlsotr(_)py,_ ut do notz,3 nm). Only a small decrease in anisotropy is observed as
explain the high amsgtropy va]ues ot?served in this study. the pH changes from 6.9 to 1.6. Since the proton transfer
Bn;|rgl|J_S: thelexcelpnonally h'%h am;tc))trozy obser}/elij for of BINOL is substantially restricted under acidic conditions

. N polar so vents.can e attributed to the follow- (pH 1.6), the data supports the theory that the proton transfer
ing possible phenomena: (1) proton transfer from hydroxyl is not the major cause of the anomalously large anisotropy
groups of BINOL to water clusters, (2) intra-molecular rota- values observed for BINOL

tion of the two naphthalene planes along the C-C single bond, Fig. 3shows the fluorescence emission spectra of BINOL

and (3) strong interactions between BINOL molecules such water and in solvents of various polarities. An enhancement
as the formation of dimers or larger order aggregates.

Wavelength(nm)

Fig. 2. Fluorescence emission spectra of BINOL at different pH.

Table 2
3.2. Proton transfer of BINOL Anisotropy values oR-BINOL at various pH values
) . Solution pH Excitation (nm) r SD
To investigate the effects of proton transfer on the
. . 278 0.0780 0.0370
anisotropy of BINOL, the pH dependence of the fluorescence g g 278 01165 0.0440
spectra was examineflig. 2shows the spectra &-BINOL 1.6 290 0.1958 0.0031
measured in phosphate buffer (50 mM) at different pH val- 6.9 290 0.1711 0.0026
ues (pH 3.2, 6.9, and 12.0). The fluorescence emission of1.6 333 0.2418 0.0086
333 0.2546 0.0110

R-BINOL decreases in intensity as pH increases. A signifi- 6.9
cant red shift in the maximum emission was observed with

O R-BNP methanol
0.25 B S-BNP
0.2 O R-BNA 2z
O S-BNA 2
0.15 O R-BINOL 2
@ S-BINOL -
0.1 acetonitrile
0.05 R-BINOL
R-BNA water
0 T T T T
o-CD a5 300 350 400 450 500 550
= -CD
; ? Vancomyein Wavelength (nm)

Fig. 1. Anisotropy of three binaphthyl derivatives with various selectors. Fig. 3. Emission spectra of BINOL in various solvents.
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in fluorescence intensity is observed in the less polar sol- 140
vents, especially in methanol, which may be attributed to
the restricted proton transfer in the methanol solution, result-

(1) 4.2 uM
ing in a larger fluorescence quantum yield. This observation (2) 25.2 uM
is in agreement with the experiments conducted with struc- (3)46.2uM .
(4) 84 uM

turally related 2-naphth@b], which indicated that the proton
transfer process associated with 2-naphthol was considerably
retarded by the addition of methanol. The experiment shows
no apparent deprotonation in a mixture of 50% methanol
and 50% water. The fluorescence anisotropy of BINOL was
also measured in a mixture of methanol and water (50:50).
A large anisotropy value was obtained (0.1513), suggesting
that proton transfer is not responsible for the large anisotropy

70

Intensity (Arbitrary units)

0
240 260 280 300 320 340 360

of BINOL. Fig. 5. Excitation spectra of BINOL in methanol/water.
3.3. Concentration dependence of fluorescence 40
anisotropy n
g a0 1
To investigate dimerization of BINOL in aqueous solu- ; (1)4.2uM
tions, the concentration dependence of the anisotropy was s (2)25.2 M
. . i 3 (3) 46.2 uM
examinedFig. 4 shows the anisotropy of BINOL as a func- 3 20 4 2 (4) 84 pM
tion of concentration. The measured anisotropy increased ; s
with increasing BINOL concentration, an initially surpris- ‘e
ing observation since the fluorescence anisotropy is funda- £ 109 4
mentally independent of concentration. Thus, the observed — —
concentration dependence is likely a result of molecular inter- 0 : . ;
actions, such as hydrogen bonding amer stacking that 250 300 350 400 450
could lead to the formation of dimers or higher order aggre- A (nm)

gates, the concentration of which would increase with the
shift in equilibrium caused by increasing the total BINOL Fig. 6. Emission spectra of BINOL in methanol/water (exc. 278 nm).

concentration. . : . . :
ing concentration while the intensity at 300 nm decreases

Fig. 5 shows the excitation spectra &BINOL in a dinalv.Fia. 7 sh h T ira of BINOL
mixed solvent of methanol and water. Three major excita- accordingly.F1g. 7 shows the emission spectra of BINOL
obtained at an excitation wavelength of 290 nm. A signifi-

tion bands are observed (278, 290 and 333 nm). Increasing

the concentration of BINOL enhanced the excitation bands cantincrease in emission intensity is observed with increasing
at 333nm, while it decreased the intensity at 278 Fig. 6 concentration of BINOL. This enhancement of fluorescence

shows the fluorescence emission spectraReBINOL at emission is accompanied by a red shiftin maximum emission

various concentrations. Two emission bands are observeq(f_rom 350 to 362nm). The observed red shifts and Inten-
(300 and 362nm) at an excitation wavelength of 278 nm. sity enhancement support the theory that BINOL exists in

The emission intensity at 362 nm increases with increas-

100
0.18 -
=
s (1) 4.2 uM
0.16 - > (2)25.2 uM
ju (3) 46.2 pM
2 s (4) 84 uM
Q i
) 0.14 E
8 >
2 0.12 g7
c . B c
< 2
£
0.1
0 . . . ‘ . ,
0.08 , : x : . . . 320 340 360 380 400 420 440
0 4 8 12 16 =20 24 28 32

A/ nm
[BINOL] /uM
Fig. 7. Emission spectra of BINOL in a mixture of methanol/water (exc.
Fig. 4. Concentration dependence of anisotropy of BINOL. 290 nm).
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various forms (dimer, etc.) in an aqueous solution at com- Table 3 _ N _
paratively low concentrations. The excitation and emission Anisotropy of single and mixing BINOL enantiomers

bands at shorter wavelengths may be assigned to free BINOLSolution Anisotropy S.D. TRITR+s
molecules while the bands at longer wavelengths may be g-BINOL in chioroform 0.0262 0.0009 1.0234
attributed to larger spices such as dimers or larger aggregateg + S-BINOL in chloroform 0.0256 0.0006

(BO~ band~400 nm)Fig. 8shows the excitation anisotropy Ig‘f;Né?,'\-lg‘Lf’igfﬁ’o'\(f/ea:OH 8-5;‘31 8-8323 1.0265
speptrum of BINOL in met.hanollwate_r (50:50) at‘ZQ. Asis ~ RBINOL in 50% M‘;OHa 01813 0.0003 1.0143
typically observed, the anisotropy varied as a function of exci- .+ s.BINOL in 50% MeOH: 0.1788 0.0009

tation wavelength, with maxima corresponding to the spectral g-BINOL in buffer 0.2199 0.0116 1.0261
features observed in the excitation spectrum. R+S-BINOL buffer 0.2143 0.0146

@ Excitation 333 nm. All other data was measured at excitation 290 nm.
3.4. Anisotropy of pure enantiomers and the racemate of
BINOL around the C—C single bond, which could affect the fluo-
rescence lifetime, quantum yield, and the angle between the

The spectral and anisotropy studies for BINOL are indica- absorption and emission dipoles-éngle). Additionally, it

tive of strong interactions between BINOL molecules (vide has been reported that the binaphthyl molecule can be racem-
supra) It has been reported that BINOL can form dimers via ized quickly via intra-molecular rotation with a half-life of
hydrogen bonding in chloroforid 3]. Two different dimers, 14.5min at 50C [1]. However, the racemization of binaph-
homochiral, and heterochiral, were reportedly formed by sin- thyls is significantly hindered when substituents are intro-
gle enantiomers and the racemate with equilibrium constantsduced at the 2,2-positions, due to restricted rotation along

of 3.1+ 1.0 and 1.3:0.5M™1 for the hetero- and homo-
chiral dimer, respectively. As is shown fable 1 BINOL
has an anisotropy value£ 0.026 in chloroform) that is twice

the intra-annular bond. BINOL bears two hydroxyl groups
at 2,2-positions and is capable of forming intra- or inter-
molecule hydrogen bonding. Thus, a low racemization rate

as large that measured in 95/5 hexanefisopropanol solutionshould be expected in an aqueous solution. This can also be
(r=0.012). A difference in anisotropy could result from the further verified by comparing the anisotropy of BINOL mea-
formation of dimers, however, the magnitude of anisotropy sured inthe presence and absence of a host molecule/receptor.
in aqueous solution is still much larger than that obtained For example, the anisotropy values of BINOL wighand-y-
in chloroform (Table 1. To further investigate the nature CD are 0.1874 and 0.1988, respectively and are very close to
of the observed interactions, the anisotropy of BINOL was the anisotropy measured without CDs; 0.1873. Variation
measured in both chloroform and in aqueous solution with in the intra-annular bond conformation should be consid-
pure enantiomers and the racemate. The results are showrably reduced by the formation of an inclusion complex
in Table 3 In the both cases, the anisotropy of single enan- between BINOL and cyclodextrins. Thus, if intra-annular
tiomers () is slightly larger than that of a mixture &- bond rotation is a major cause of the increased anisotropy
and S-enantiomersz+s). Fig. 9 shows the excitation and  of BINOL, the measured anisotropy should decrease signifi-
emission spectra of enantiomers and racemate of BINOL in cantly upon complexation.
an aqueous solution. The emission intensity of racemate is
slightly higher th_am that of single enantiomers, which may 3 5 Study of chiral recognition for BINOL
result from the different structures of the dimers formed by
single enantiomers and the racemate.

Another possible reason for the large anisotropy of BINOL
is the conformation of the naphthalene planes of BINOL

The measured anisotropy has been shown to be a good
indicator of chiral interactions and chiral selectiii#y8,12]

0.35 160

R+8S —— R+S

\

Q
S
a
N
N
=]

0.15

Anisotropy

0.05 -

Emission intensity
[o9]
o

N
o

-0.05 T T T T
250 270 290 310 330 350

200 250 300 350 400 450 500

Excitation Wavelength (nm) A/nm

Fig. 8. Excitation anisotropy spectrum of BINOL. Fig. 9. Excitation and emission spectra of BINOL in a aqueous solution.
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Table 4
Anisotropy data of BINOL with various chiral selectors
Selectors TR S.D. rs S.D. rrlrs S.D.
a-CD 0.1829 0.0033 0.178 0.0074 1.026 0.018
B-CD 0.1874 0.0009 0.1702 0.0018 1.101 0.012
v-CD 0.1988 0.0009 0.1885 0.0025 1.055 0.017
Vancomycin 0.2297 0.0024 0.2434 0.0036 1960 0.019
PSUV in buffer 0.2204 0.0011 0.2188 0.0011 1.007 0.007
s-CD in buffer 0.1319 0.0027 0.1408 0.0074 1.867 0.060
s-CD in isopropane 0.0886 0.0004 0.0900 0.0009 12016 0.012
sf3-CD in MeOH 0.1208 0.0021 0.1209 0.0014 1.8601 0.021

a rglrg.

The enantiomers of BINOL displayed very large anisotropy BNP, BINOL shows a very large anisotropy value but rela-
values in the presence of chiral selectors. Theoretically, tively small anisotropy ratio. The chiral separation of BINOL
when BINOL enantiomers form complexes with chiral selec- by capillary electrophoresis witf-cyclodextrin as a chiral
tors such as cyclodextrins, photo-induced deprotonation selector was reportel4] and no measurable chiral reso-
and intra-annular rotation of naphthol moieties are highly lution was observed without using a dual selector system.
restricted. Thus, the large anisotropy values of BINOL may The capillary electrophoretic studies &f and S-BINOL

be attributed to dimerization of BINOL molecules. The
anisotropy ratios oR- andS-BINOL measured in the pres-

ence of various chiral selectors are showiale 4

Fig. 10compares the anisotropy of BINOL with six dif-
ferent selectors (including-, -, andy-cyclodextrins, van-
comycin, polymer micelle, and sulfated cyclodextrin). All

was also reported using monosaccharides as chiral selectors,
but no chiral resolution was observed=1) [13]. A chiral
selectivity of 1.029 was reported recently using open-tubular
CEC coated with an amino acid based polymer surfactant
[15]. Interestingly, a much higher enantioselectivity has been
achieved ¢ =1.4) in HPLC using a chiral stationary phase

BINOL-selector systems examined show large anisotropy and a non-polar mobile phase (a high content of hexane)
values (>0.1). Fig. 11 shows the anisotropy ratios &
andS-BINOL with the same chiral selector@-cyclodextrin

shows the highest anisotropy ratig/¢z =1.1). In compar-
ison with other binaphthyl derivatives such as BNA and

1 a-CD

2B-CD

3y-CD

4 vancomycin

5 P-L-SUV

6 sulfated  -CD

Fig. 10. Anisotropy of thek (ll) and S (H) enantiomers of BINOL with

various selectors.

Anisotropy ratio

0.95+4

0.9

@ 1-alpha-CD

@ 2-beta-CD

O 3-gamma-CD

O 4-vancomycin

| 5-polymer micelle
@ 6-sulfated beta-CD

1

Fig. 11. Anisotropy ratio of BINOL enantiomers with various selectors.

2 3 4 5 6

[14]. The chiral selectivity was found to decrease rapidly with
increasing polarity of the mobile phase. The enhancement of
chiral separation may result solely from partitioning effects,
however, a possible explanation for the increased selectivity
in hexane is that aggregate/dimer formation is suppressed.
The additional equilibrium of self-association will obviously
affect chiral separation of BINOL, as the host—guest inter-
action of the dimer will certainly differ from those of the
monomer.

4. Conclusions

The molecular properties and chiral recognition of binaph-
thol have been investigated using fluorescence spectroscopy.
A red shift in the fluorescence emission was observed
with increasing pH values, which can be attributed to the
deprotonated species of BINOL. BINOL exhibited large
anisotropy values in solutions in which proton transfer is
highly restricted, indicating that proton transfer does not
explain the anomalously large anisotropy values observed
for BINOL. This evidence supports the idea of dimer or
aggregate formation driven by homo-inter-molecular inter-
actions, such as hydrogen bondingme#mr stacking. Very
strong evidence supporting this explanation is given by the
concentration dependence of the anisotropy. Additionally, the
increase in BINOL concentration resulted in spectral shifts
in both excitation and emission spectra, which indicates the
formation of a new species, rather than an excited-state pro-
cess that would only affect the emission spectrum. Similar to
the anisotropy measurements made in chloroform in which
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