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Effect of Sodium Perchlorate on the Binding of 2-(4Aminophenyl)- and
2-(4-(N,N’-Dimethylamino)phenyl)benzothiazole withf-Cyclodextrin in Aqueous Solution
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The host-guest complexation of 2-{4aminophenyl)- and 2-(4N,N-dimethylamino)phenyl)benzothiazole
(APB and DAPB, respectively) witl#-cyclodextrin 3-CDx) were studied in agueous solution by use of
fluorescence spectroscopy. The induced circular dichroic (ICD) spectra of the inclusion complexes we
also measured to confirm complexation and to estimate the orientation of the guest molecule in the cyclode»
cavity. The association constants for binding of the molecules BA€Dx were estimated in phosphate
buffer containing varying concentrations of NaGlOlhe association constant for binding of DAPB is almost
4 times as high as that of APB. In the case of DAPB, the association constant was found to decrease \
an increase in salt concentration. However, the association constant of APB initially increases and tl
decreases with an increase in salt concentration. The optical rotation dadt€Dk in the absence and
presence of NaClPsuggest complexation of CIO with S-cyclodextrin.

Introduction N
A\
Substances such as urea, guanidinium chloride (GnCl), and @Q—@—NW

LiClO4 are often referred to as salting-in agents for their ability
to enhance water solubility of hydrocarbons, e.g., butane and
benzené. In contrast to the salting-in effects of LiC}OLICl

causes benzene and benzaldeRydesalt out of water and is N
referred to as a salting-out reagent. Breslow et hhve @N(Cﬂa)z
investigated the effects of salting-in and salting-out agents on g

chemical reactions in aqueous as well as nonaqueous media.

They observed that salting-out reagents dramatically increase (DAPB)

the rate of bimolecular organic reactions while salting-in agents Figure 1. Molecular structures of APB and DAPB.

retard reaction rates. They also noted that GnCl which is a

salting-in agent in water acts as a salting-out agent in ethylene Most studies on the effects of salting-in and salting-out
glycol and formamide solutiorfs. The increase of reaction rates reagents on solubility and chemical reactions, including those
has been attributed to increased hydrophobic interaction betweermentioned above, are often performed in the presence of a high
reactantS. Recently, Sarkar et al. reported salting effects on concentration¥1 M) of the salt. However, the effects in the
the hydrophobic binding of sodium -foluidino)naphthalene-  presence of low concentration of the salting-in and salting-out
6-sulfonate (TNS) with cyclodextrins (CDR).They proposed  agents have not been vigorously studied. Therefore, to under-
that the decrease of fluorescence intensity of TNS in aqueousstand the phenomenon, we have investigated the influence of
cyclodextrin solutions in the presence of LiGIGGnCl, and NaCl and NaCl@ on the complexation equilibria of two
CsBr is due to a direct interaction of the ions with the structurally similar, charge neutral compounds, APB and DAPB
hydrophobic probe molecule bound to the CDx cavity. In (see Figure 1 for structures), withCDx in aqueous solutions
contrast, the increase in fluorescence intensity of TNS in the by exploiting the changes in their fluorescence properties. It
presence of LiCl and tetra-butylammonium bromide (TBBr)  is the aim of this work to characterize the mechanism of the
ion has been interpreted as due to the reduction of local solventeffect of CIQ,~ on the binding of the substrates with heCDx
polarity. While the salting-out effect is well understottthe in aqueous medium.

reason for salting-in effects is not very clear. The increase or

decrease of hydrocarbon solubility due to the presence of salting-Experimental Section

in or salting-out agents, respectively, has been correlated with
the size and thus the polarizability of the idhdzor example,
ions with small size and high polarizability (e.g.,;"Land CI)
decrease aqueous solubility of hydrocarbons, while large ions
which have low polarizability (e.g., CID and I") increase the
solubility of hydrocarbons in water. This has been discussed

(APB)

Materials. The APB and DAPB were synthesized and
purified as described in the literatute. The 5-CDx was
obtained from Sigma Chemicals and was used as received.
Analytical grade NaCl, NaClg) NaH,PO,, and NaHPO, were
procured from Sigma Chemicals and were used without further

nicely in an article by Breslow? purification. . N 3
Solution Preparation. For solubility measurements, purified
* Author for correspondence. crystals of APB (or DAPB) were added to buffered solutions
® Abstract published ilAdvance ACS Abstract®ecember 1, 1997. containing various amount of NaCjO The resulting mixtures
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were sonicated for 0.5 h to obtain saturated solutions and then 1.0
filtered through Nalgene filter (0.2 mm) after equilibration at
room temperature. Absorbance values were measured at 320
nm for APB and at 350 nm for DAPB in reference to the
respective solvent. 05
To prepare samples for binding studies, saturated solutions
of APB and DAPB in 50 mM phosphate buffer (pH 7.0) were
used as stock solutions. An aliquot (1.0 mL in the case of APB
and 0.5 mL in the case of DAPB) of the stock solution was
diluted to 10 mL containing the appropriate amounfeCDx
and NaClQ. The solutions were allowed to equilibrate at room
temperature for at lea§ h before measurement. Fluorescence
spectra of APB and DAPB were measured by exciting the o5k
solutions at 320 and 350 nm, respectively. All spectra were 205 35 5% %5 50
blank subtracted. The peak area in the spectral range was used Wavelength (nm)
as a measure of fluorescence intensity.
Determination of Binding Constants The binding con-
stants and stoichiometric ratios of the inclusion complexes of

C D (mdeg.)
[
0 o o0

. . )
250 300 350
Wavelength (nm)

(X
1=
S

C D (m deg.)

0.0

Figure 2. Induced circular dichroic spectra of APB (insert) and DAPB
(saturated solutions in 8 mi3-CDx).

APB and DAPB were estimated from the BeneHildebrand 0.025
(BH)*2 plots using fluorescence data. The derivation of the BH
relationships has been discussed elsewhétand therefore will oo b O AR
not be detailed here. The following equations were used for e DAPB
1:1 and 2:13-CDx—substrate association: o
% 0.015 |
1 1 1 2
= + 1 5
FFo FoFo KIODWF,—F) 2 ouel
1 1 1 -
= + (2) 0.005 | L/
F-Fo Fn—Fo KI[CD]AF, — Fo Y
. . 0.000 - L L L . L
where [CD} represents the analytical concentratioreEDx, 010 020 030 040 050 0.0
Fo and F are the fluorescence intensities in the absence and
presence of-CDx, respectivelyFn, is the limiting intensity of [NaClO,] (M)

fluorescence, andK represents association constant. The Figure 3. Plots of absorbance of APB and DAPB in water as a function
apparenk values were obtained from the slope and intercept of concentration of NaClQ
of the BH plots.

Apparatus. The absorption spectra were measured on a
Shimadzu UV-3101PC U¥vis—NIR scanning spectropho- sof /" AN g
tometer equipped with a thermostated cell holder. Fluorescence £ J \ Ezal /.
measurements were performed on a SPEX Fluorolog Model P2T 3 i N ¥ wl [ N
211 spectrofluorometer. The circular dichroic spectra were § 60 - ! \\ =7 /
recorded on a Jasco 710 spectropolarimeter. Optical rotations % / VE T IS
of 5-CDx solutions were measured on a Jasco DIP-370 digital .iz /’ Voo 3’50 T —
polarimeter. All measurements were done at room temperature ¢ “°r / \\ Wavelength (nm)
(~25°C). g / \

g’ // \ ——— Water

Results u_g"':' or / \ . ~—-- B-CD@mM)

The absorption spectra of the aqueous solutions of APB and // N
DAPB do not show any change upon addition3e€Dx in the ob=" s . - = =

concentration range -8 mM. In addition, the absorption
spectra of both compounds remain unaffected when NaClO
was added to the solution. In saturated aqueous solution Figure 4. Fluorescence spectra of APB (insert) and DAPB in the
containing 8 mM3-CDx, both compounds exhibited a positive absence and presence of 8 miMCDX.

band corresponding to the long-wavelength absorption band in  The fluorescence spectra (Figure 4) of APB and DAPB show
their respective induced circular dichroic (ICD) spectrum (Figure respectively a decrease and increase of intensity in the presenct
2). ltisinteresting to note that although the molar absorptivities of 5-CDx. The intensity change is much higher in the case of
of the compounds at the respective absorption maximum arethe latter than in the former with the same concentration of
very similarl®>1the molar ellipticity of APB is much higher  3-CDx. The association constants)(for the binding of both

as compared to that of DAPB. At room temperature, the compounds in deionized water as well as buffered solution have
aqueous solubilities of both APB and DAPB are very low. been estimated from the plot of the data by use of eq 1. The
However, the solubility in both cases increases with an increaselinearity of the plots (not shown here) suggests a 1:1 stoichi-
in concentration of NaCl@as shown in Figure 3. The addition ometry for the inclusion complexes of both APB and DAPB.
of an equivalent amount of NaCl, however, did not show any Use of eq 2 failed to produce good fit to the experimental data.
significant change of solubility. In the absence of salt, th€ value (see Table 1) for DAPB is

Wavelength (nm)
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Figure 5. Plots of association constants)(of APB (insert) and DAPB
as a function of NaCl@concentration.

Figure 6. Proposed structures of the inclusion complexe${&Dx—

Deionized Water and 50 mMl Phosphate Buffer Contaming 72 214 (0)-CDx-DAPE.
Varying Concentrations of NaClO, quantum vyield increased in going from polar to hydrocarbon
[NaCloy] K£50 (MY  [Naclo] K=50(MY solventst® Since the cyclodextrin cavity is hydrophobic, the
APB  DAPB (M) APB  DAPB decrease and increase of fluorescence intensity of APB and
deionized water 1542 5664 015 5150 1428 DAPB, respectway, suggest formation o_f |nclus!or_1 cqmplexes.
0.00 1553 5476 0.175 1903 The formation of inclusion complexes withCDx is indicated
0.02 4005 0.20 1375 1505 by the increase of aqueous solubility of both compounds in the
0.04 3054 0.25 1252 presence gf-CDx. This is further confirmed by the appearance
0.05 1703 2858 0.35 1050 of the ICD spectra of the molecules in the presencg-6Dx.
8'%5 2072 213%%17 0.50 905 The appearance of a positive ICD band at the position of the

lowest energy absorption band suggests that the molecules ar

. : oriented axially in the8-CDx cavity!® The stronger ICD band
Buffer has no siificant effect on the incusion of e oo " (1€ Case of APB Suggests that the inclusion of the pheny

. 9 . N ring is deeper than in the case of DAPB. Since the length of
phores into the CDx cavity. Also, no significant effect on the

) . the molecules 411 A) is greater than the height of the
fluorescence intensity of the molecules was observed upoN o dextrin cavit 7.8 A), the phenyl ring should remain
addition of equivalent amount of NaCl in the presence and Y y &1 ! pheny! 1ng

absence oB-CDXx. exposed to the bulk water above the upper rim of Ah€Dx

. . molecule. However, if this was true, then one would expect a

B mM3-COx he flaorescenoe itansiy decreased. I the caseVe2k ICD band inthe case of APB. The sitong ICD signal is
of APB, the ;‘Iuorescence intensity increased upoﬁ addition of 2 rgsul_t of Fhe strong coupling of the sum moments of Fhe
NaCIO4’ However, in the absence BECDx, NaCIQ, has no oscillating dipoles mduced_by the elect_rlc fleld_c_)f the light in
effect c;n the fluo’rescence spectra of th,e compounds Thethea-bonds O.f thes-CDx \.N'th the electric transition moment
association constants of APB as well as DAPB V\IWCD;( of the aromatic guest® Since the lowest energy transition of
were estimated in the presence of NaglQJable 1 summarizes the molecules is localized |n_the phen_yl riffghe phen_yl nng
the values of the association constants of both molecules Asof APB must be_completely_lncluded n ”ﬂa.CDX cavity for
noted, theK value for DAPB decreases with an increase. in stronger interaction. Thus, It appears th.at, n the case of APB’
NaCI(54 concentration (see Figure 5). In contrast, in the case the'|.nclu5|on oceurs W.Ith the phenyl ring in the he'a(.j. first
of APB, the association constant initiélly increaseé reaching aPOS'thn as shown in Figure 6 (a_) alt_hough the po§S|b|I|ty of

. . inclusion of the benzothiazole moiety in the CDx cavity cannot
maximum at around 0.15 M, and then decreases with a further

increase in concentration of NaGJOAt higher concentrations be ruled out. In the case of DAPB, such inclusion is sterically
e : 9 ' hindered by the-N(CHs), group. As a result, the phenyl ring
the association constants of both molecules seem to reach

. - . . N 4 protruding into the bulk solvent (Figure 6b). Due to the
Eliafraeué T_?Lse'zggﬂ%iti?towi? mzz%ﬁ'tg_gegi gglﬁgg\r']\m n capping effect of the-N(CHjs), group, the molecule remains
d gr : th tical rotati ’ 1i%) from +139.5 t0 +134.8 locked inside the cavity as reflected by the higher association
ecreases he optical rotationdip) from ~ 0 e constant value as compared to that of APB. However, in the
The optical rotation of thg-CDx solution is, however, slightly

less than the reported valuet162).7 The association absence of the-N(CH), group, APB can easily pass through

) - he CDx cavity and th xXperien weaker binding which
constants of both molecules remain unaffected in the presencet e CDx cavity and thus experiences a weaker binding ¢

of NaCl in the concentration range-0.5 M results in a smaller association constant.
9e-0. ) In addition to structural requirements, there could also be

other factors that influence the binding of the molecules with
the 5-CDx. In fact, the mechanism of the formation of an
The fluorescence properties of APB and DAPB in various inclusion complex consists of several steps. The first step is
solvents have been reported in the literaf®®. It has been the approach of substrate to the€CDx molecule. In the second
observed that the fluorescence quantum yields of the former step, the breakdown of the water structure around the part of
molecule in hydrocarbon solvents are lower than those in polar the molecule that is going to be included into fh€Dx cavity
solventst®> However, in the case of DAPB, the fluorescence is required. Two types of water structure, however, must be

Discussion
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considered: (a) tightly bound water solvating the polar or inclusion of the molecule (the phenyl ring) into the CDx cavity.
charged groups (OH, NK N(CHs),) which are capable of  After inclusion, the CIQ™ ion through specific interaction with
hydrogen bonding and (b) water around hydrophobic groups the primary hydroxyl group(s) g8-CDx stabilizes the ternary
(such as aromatic ring). The third step involves breakdown of complex. The effect of Cl@ ion on the binding of APB can
the water structure inside tifleCDx cavity and transfer of some  therefore be explained in terms of interactions with the hydroxyl
water molecules out of the cavity. In the fourth step, the groups as well as the hydrophobic cavitybEDx. However,
mechanism involves interactions of the substituents of the at high concentrations, this effect is overshadowed by the salting-
substrate molecule with groups on the rim or on the inside of in effect, resulting in a decreaseldfvalue. Since the-N(CHa).
the 3-CDx cavity. The subsequent step is the formation of group of DAPB is less polar and is protruded into the bulk
hydrogen bonds between substrate #@Dx. Finally, the solvent, the stabilization through ternary complex formation is
water structure around the exposed parts of the substrate afteinsignificant as compared to the salting-in effect even at low
the inclusion process is reconstituted. According to the above salt concentration. As a result, a continuous decreakenth
discussion, the differences in the association constants of APBthe rise of [CIQ™] is observed.
and DAPB may also be linked to differences in the solvation  Similar effects have also been observed in our laboratory in
of the guest molecules. Since the molecules are structurallya different stud$® involving the binding of N-phenyl-1-
similar, it seems that APB necessitates the removal of more haphthylamine (NPN) witi$-CDx. We have observed that the
tightly bound water molecules from the polar grouNHy) in fluorescence intensity of NPN increases upon addition of
order for it to enter thg8-CDx cavity. increasing amounts of GnCl to t#eCDx solution. Since GnCl
The effect of CIQ~ could probably be explained in light of is also known to act as a salting-in reagent in aqueous solution,
the binding process of the solute molecules y#EDx. Two one would expect a decrease of fluorescence intensity of NPN
explanations for the effect of CiO ion on the binding of APB &S it is released from th@-CDx cavity as a result of salting-in
and DAPB can be offered: (i) The CiOanion has an influence gﬁect. This suggests that ('Ell‘.her GnCl acts as a salting-out agent
on the structure of water; if hydrophobic interactions are I @dueous solution containingCDXx or there must be some
essential for the binding of the substrate tofR€Dx, the water  Kind of interaction (the nature of which is probably decided by
structure must have a decisive influence on the equilibrium the functional grqup(s).of the substrate) between the salt and
constant? (i) The CIO,~ ion competes with the substrate in a the f-CDx—NPN inclusion complex.
manner similar to that described for theibn.l” At high salt
concentrations, the water structure being broken by the CIO
ions, the substrate becomes more soluble in water. An increase The binding of APB and DAPB witi$-cyclodextrin has been
in solubility of 5-CDx in water in the presence of NaCj®as studied by fluorescence spectroscopic methods. The high
also been reported in the literati#fe.The increased aqueous association constant for DAPB compared to that of APB is due
solubility of both substrate an@-CDx reduces the probability ~ to its more hydrophobic nature and the presence of the
of hydrophobic interactions between them, thus decreasing the—N(CHs)2 capping group. Both molecules are axially oriented
association constant. The decrease of the binding of APB andin the cyclodextrin cavity. However, in contrast to DAPB, APB
DAPB with 8-CDx seems to be mainly due to the well-known €nters the cavity with the phenyl ring in the head first position.
salting-in effect of NaCl@as indicated by the solubility data ~ The decrease of the binding constant for both molecules in the
(Figure 3). However, the competition of the GlOions for presence of NaCIg\as been attributed to the saltin_g-in e_ffect
binding with the 8-CDx molecule cannot be overlooked. —&nd to the competition of the ClOion for complexation with
Indeed, such interaction between GiGndg-CDx is indicated the cyclodextrin molecule. The increase of association constant
by the decrease in optical rotation of the latter in the presence©f APB in the low concentration range of the salt is most
of CIO,4~ ion. The association constant for the syste/@Dx— probably due to the formation of a ternary complex through
CIO4~ has been reported to be 29.4'M! Although no such s_pecmc interaction W|th_ the-NH, group located near the I_ower
data are available for th& CDx—CIO,~ system, a similar value "M of the cyclodextrin molecule formed by the primary
for the association constant can be assumed. X-ray crystal-hydroxyl groups which stabilizes the CDx—CIO,™ inclusion
lographic studie® suggest that the CID ion is probably located ~ complex. Interactions of the CIO ion with the inclusion

in the hydrophobic plane roughly defined by the primary complexes of organic substrates with cyclodextrins should be
hydroxyl groups. the subject of thorough studies before any generalization is

made. Further studies on the effects of salting-in agents on the
binding equilibria of organic compounds with different func-
tional groups are in progress in this laboratory.

Conclusions

The factors discussed in the preceding paragraph, however
do not explain the rise oK value in the case of APB in the
low concentration range of NaClO Therefore, there must be

some other binding process involved in the case of APB. The  acknowledgment. The authors acknowledge the National
possibility that the CIQ™ ion forms a ternary complex thus  ggience Foundation (CHE 9632196) and Department of Energy
stabilizing the-CDx—substrate inclusion complex cannot be (DE-FG05-93ER-14367) for partial support of this research.

ruled out. In fact, the formation of ternary complexes in the | pw. also acknowledges the Philip W. West endowment for
presence of small organic molecules such as alcohols andpartial support of this research.

hydrocarbons are reported in the literatéiteClearly, as DAPB

failed to show the above effect, theNH group of APB must Supporting Information Available: Benesi-Hildebrand
be involved in such complex formation through specific plots of APB—3-CDx and DAPB-j-CDx in deionized water
interactions, e.g., hydrogen bonding. As discussed above, theand with NaCIQ (4 pages). Ordering information is given on
break down of the water structure around theH, group of any current masthead page.

the substrate is critical for binding to occur. In the low
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