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ABSTRACT The forward (kf) and backward (kb) rate constants and the association constants ( K )  of the 
inclusional association of phenolphthalein (PP) dye into the cavities of a- and 8-cyclodextrins (CD) are 
determined using a temperature-jump technique in the presence of simple electrolytes, polyelectrolytes, and 
ionic detergents. The kinetic parameters are obtained very accurately using the substantial changes in the 
absorbance of PP in the course of the inclusion process. The apparent values of kf and K decrease on the 
addition of hydrophobic macroions and detergents having long alkyl groups, whereas kb increases. The driving 
forces of the inclusion process of PP or hydrophobic and cationic macroions with CDs are the van der Waals 
and hydrophobic interactions between the hydrophobic groups of the guest molecules and the inner wall of 
the cavity of the cyclodextrin. 

Introduction 
As is well-known, cyclodextrin (abbreviated as CD 

hereafter) is one of the most appropriate compounds to 
mimic enzymic systems.’-5 This is because the cavity of 
a CD molecule can provide a hydrophobic environment for 
a guest molecule in an aqueous medium and can form 
complexes with a variety of molecular species. Among 
many guest molecules, dye molecules have been used for 
study of the inclusional associations, since the chromo- 
phoric changes accompanied with the association are really 
convenient for studying the static and dynamic properties. 
The inclusional association of phenolphthalein (PP), a 
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typical indicator, with j3-CD has been reported by Lautsch 
et aL6 and recently by Taguchi.’ Studying a kinetic 
analysis of the PP + CD systems has the advantage that 
the absorption peak of the dye disappears completely due 
to the inclusion as is shown below in Figure 1, and accurate 
determination of the kinetic and static parameters may 
be performed. Most of the dye molecules studied hitherto 
exhibited very small shifts in absorption peak by the in- 
clusional association. 

It has been reported that alkyl groups of ionic detergents 
and polyelectrolytes may be included in the cavities of 
CD’s.*I4 The following sections discuss in detail the 

0 1989 American Chemical Society 



Macromolecules, Vol. 22, No. 10, 1989 

' 0  

Inclusional Association of Phenolphthalein 3937 

Scheme I 
e OH 

0.6c - 
/A\ I 

i 

I I /  \ \  c 

Wavelength ( n m  1 

Figure 1. Absorption s ectra of PP in the presence of 8-CD a t  
25 OC. [PPI, = 2.5 X l d m o l  dm4, in Siirensen glycine (II) buffer 
(pH 10.4). Curves: (1) [j3-CDJo = 0 mol dm-3, (2) lo6, (3) 4 X 
lod, (4) lo4, (5) 1.5 X lo4, (6) 3 X lo4, (7) 6 X lo4, (8) 5 X 

forward and backward reaction rates of the inclusions 
between PP and a-CD, and PP and 0-CD, and the influ- 
ences of simple electrolytes, polyelectrolytes, and ionic 
detergents on them, using temperature-jump measure- 
ments in order to study of the role of the hydrophobicities 
of the guest and host molecules. 
Experimental Section 

Materials. a- and fl-Cyclodextrins (a-CD and j3-CD) were 
purchased from Nakarai Chemical Co. (Kyoto) and used without 
further purificaton. Phenolphthalein (PP) was guaranteed grade 
obtained from Nakarai Chemical. Glycine, sodium chloride, and 
sodium hydroxide, which was used for the prepmation of SBrensen 
glycine buffer, were guaranteed grade of Merck. The details of 
the preparation of poly(4-vinyl-N-ethylpyridinium bromide) 
(C 2PVP) , poly( 4-vinyl-N- propylpyridinium bromide) (C3PVP) , 
poly(4-vinyl-N-benzylpyridinium chloride) (BzPVP), and a co- 
polymer of 4-vinyl-N-benzylpyridinium chloride (95%) and 4- 
v i n y l - N - n - h e x a d e i d ~ i u m  bromide (5%) (C16BzPVP) have 
been described in previous papers.16*16 The degree of polymer- 
ization of the parent polymer, i.e., poly(4vinylpyridine), was 3800 
by viscometry. Hexadecyltrimethylammonium bromide (CTAB), 
sodium dodecyl sulfate (NaDS), and hydrobromide of poly(L- 
lysine) (PLL) were obtained from Sigma. The molecular weight 
of PLL was 79000. A copolymer of diethyldiallylammonium 
chloride and sulfur dioxide (DECS) was a strongly basic polye- 
lectrolyte prepared by Harada et al.'7*'8 Sodium poly(ethy1ene 
sulfonate) (NaPES; degree of polymerization 770) and sodium 
poly(styrene sulfonate) (NaPSS; molecular weight 6.3 X lo") were 
gifts from the Hercules Powder Co. (Wilmington, DE) and the 
Dow Chemical Co. (Midland, MI), respectively. These samples 
were converted to their acid forms by passing them through 
columns of mixed beds of cation- and anion-exchange resins. 
Sodium salts were prepared by neutralization with NaOH. So- 
dium salts of chicken blood DNA (NaDNA) were purchased from 
Calbiochem. Co. (Los Angeles, CA). Deionized water obtained 
with cation- and anion-exchange resins was further distilled for 
the purification and preparation of solutions. 

Temperature-Jump Measurements. The temperaturejump 
measurements were made on a rapid reaction analyzer (RA-1200, 
Union Engineering, Hirakata, Osaka).19 Temperature jumps of 
ca. 4 OC were produced by the discharge of a 20-kV coaxial, which 
gives a heating time of 1.2 pa. The discharge heats the cell volume 
of solution (ca. 0.3 mL) between two gold-plated electrodes. A 
Tektronix oscilloscope (Beaverton, O R  types 7623A, 7A18, and 
7B53A) was used. Temperature-regulated water at 21 * 0.5 O C  
and in some cases a t  26 f 0.5 or 31 * 0.5 OC was circulated in 
the measuring cell. 

Results and Discussion 
Static Parameters of Inclusional Association of PP 

with a-CD and &CD. Figure 1 shows t h e  absorption 
spectra of PP in the  presence of 0-CD. Impressively, t he  
absorption peaks simply decreased as t h e  concentration 

-0 &- =Ho& 

red 
PP 

color less 
PP i n C D  



3938 Okubo and Kuroda Macromolecules, Vol. 22, No. 10, 1989 

Table I 
Static and Kinetic Data of the Inclusional Association of PP with CD at 25 "C4 

CY-CD 106 -2.8 -5.1 -9.4 1.45 X 106 1300 
0-CD 31 000 -6.1 -8.2 -6.9 3.66 X 10' 1180 

a In Sorensen glycine (11) buffer (pH 10.4). The experimental uncertainty is believed to be within &5% for K,  i 8 %  for kf and kb, f0.02 
for AG, f0.05 for AH, and 1 2  for AS, respectively. 

CD K ,  mol-' dm3 AG, kcal mol-' dm3 AH, kcal mol-' dm3 AS, eu kf, mol-' dm3 s-l kb, s-l 

- 
I 

? 
8 
v 

-.A m I 1 
0 0 02 0.04 

la-CDI, (mol dm" ) 

Figure 3. Plots of (Ao/A)  - 1 against [a-CD], for PP + a-CD 
mixtures at 25 (O), 30 (X), and 35 OC (A). [PPI, = 5 X 106 mol 
dm-3, [a-CD]O = 04.05 mol dm-s, at 550 nm, in Sorensen g1 cine 

at 25, 30, and 35 "C, respectively. 

Figure 3 shows an example of the plots of Ao/A - 1 against 
[CD], for PP + a-CD systems at  25,30, and 35 OC. The 
linearities were excellent, which strongly supports the 
formation of a 1:l type inclusional complex between PP 
and CD. 

The equilibrium association constants thus evaluated 
and the free energy (AG), enthalpy (AH), and entropy (AS) 
of the associations from their temperature dependencies 
are compiled in Table I. Note here that the values of kf, 
kb, K, AG, AH, and A S  for PP + 8-CD were reported to 
be 3.7 X lo7 mol-' dm3 s-l, 1.0 X lo3 s-l, 37000 mol dm-3, 
-6.1 kcal mol-', -5.8 kcal mol-', and 1 eu, respectively, a t  
similar experimental conditions as ours (but at 20 "C and 
in 0.1 N NaCl)? The parameters for PP + a-CD have been 
found for the first time here. 

It is interesting to note that the association constants 
of 8-CD with PP dyes were much larger than those of 
a-CD. This is explained by the fact that the size of the 
inner cavity of 8-CD fits for PP molecule; PP can be in- 
cluded completely in the cavity of 8-CD, whereas a-CD has 
a space to include only one of the three phenyl groups of 
PP. 

Kinetic Parameters of Inclusional Association of 
PP with a-CD and 8-CD. Assuming a 1:l association 
mechanism, reciprocal relaxation times, ~ - l ,  are given 
corresponding to eq 2-4 as 

buffer (pH 10.4). The K values were 123,106, and 91 mol- f dm3 

7-l = kf[CD]o + k b  [PPI, << [CDlo (5) 

[PPI, = [CDlo (6) 
7-l kfK-'[(l + ~K[PP]O) ' /~  - 11 + k b  

7-l = kf[(K-' + [CD], + [PP]o)2 - 4[CD]o[PP]o]'/2 (7) 
Here, kf and k b  are the forward and backward reaction rate 
constants. Typical plots are shown in Figure 4 for the PP 
+ 8-CD system ([PPI, <e [CD],) using eq 5. The kf and 
kb values were estimated to be 3.66 X lo7 mol-l dms s-' and 
1180 s-', respectively. The kinetic parameters for the same 
system obtained using eq 6 were 3.70 X lo7 mol-' dm3 s-l 
and 1170 s-l, respectively. The agreement between the two 
plots was excellent. Importantly, the kf values obtained 

0 1  

0 2 4 6 8 
Ip-CDI, (mol dm-3 ) 

Figure 4. Plots of 7-l against [&CDIo for PP + 8-CD mixtures 
at 25 "C. [PPIo = 2.5 X 10" mol dm-3, at 550 nm, in Sorensen 
glycine (11) buffer (pH 10.4). kf, kb, and K were 3.66 X lo7 mol-' 
dm3 s-l, 1.18 x lo3 s-l, and 3.10 x lo4 mol-' dm3, respectively. 

were of the order of 105-107 mol-l dm3 s-'. These values 
are below those for the diffusion-controlled reaction. The 
kinetic parameters are given in Table I. Clearly, kf of 0-CD 
was much larger than that of a-CD. This result supports 
that the PP molecules are included adequately into the 
cavities of the 8-CD. I t  should be noted here that the 
inequality 8-CD > a-CD in kf values is also consistent with 
the important role of hydrophobic interactions in the 
course of inclusion, because the hydrophobicity for 8-CD 
is stronger than that for a-CD. Note that the magnitudes 
of lzf for the a-CD + PP inclusions were similar to those 
for the inclusional association of a-CD with the azo dye 
molecules substituted with OH, etc.20721 This result sug- 
gests that the rate-determining step of the host-guest 
association is the breakdown of the water structure inside 
CD and/or around PP. The important role of the dehy- 
dration to the association process was discussed earlier by 
Cramer et aL20 However, they also showed that some kinds 
of azo dyes had very small kf and kb values because of the 
steric hindrance.20 

The k b  values were quite insensitive irrespective of the 
kind of cyclodextrins, which supports that the rate-de- 
termining step for the backward reaction is the association 
(or hydration) of water molecules around phenyl groups 
of the inner cavity of PP molecule. Cramer et a1.20121 
proposed that the rate-determining steps of both associ- 
ation and dissociation were the release or binding of water 
molecules. 

Influences of Polyelectrolytes and Ionic Detergents 
on the Static and Kinetic Parameters of Inclusional 
Association of PP with a-CD or B-CD. The apparent 
association constants (K)  and the forward and backward 
reaction rate Constants (kf and kb) in the presence of po- 
lyelectrolytes or ionic detergents were evaluated using one 
of the eq 2-4 and eq 7 for K, and kf and kb, respectively. 
The K values obtained are shown in Figure 5. All of the 
simple electrolytes such as KC1 and CaClz and the anionic 
polyelectrolytes (NaPES, NaPSS, and NaDNA) did not 
affect the K values. This simply implies that the salts do 
not interact so much with any of PP, CD, or PP-CD. 
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Figure 5. Influence of foreign salts on K for PP + &CD d o n s .  
[PPI0 = [@-CD]o = 5 x lo* mol dm", at 550 nm, in Sbrensen 
glycine (11) buffer (pH 10.4): (- - -1 KCl, CaC12, NaPSS, NaDNA; 
(0) NaPES; (X) PLL; (A) DECS; (0) CBPVP; (V) CBPVP; (0) 
NaDS; (A) BzPVP; (m) CTAB; (v) C16BzPVP. 
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Figure 6. Modified Benesi-Hildebrand plots of A/[RPVP] 
against A for PP + FtPVP mixtures at 25 "C in Sbrensen glycine 
(11) buffer (pH 10.4): (0) C2PVP; (X) CBPVP; (A) BzPVP. 

However, addition of the macrocations decreased the K 
values substantially, and the magnitudes of the decreasing 
effect were in the order PLL < DECS < C2PVP < C3PVP 
< BzPVP < C16BzPVP. Previously, we reported that PP 
molecules were bound on the cationic macroions strongly 
in the order DECS < C2PVP < C3PVP < BzPVP < 
C16BzPVP.16 PP molecules are anionic and strongly hy- 
drophobic substrates. Thus, the decreasing action of the 
macrocations on the K is interpreted in terms of the as- 
sociation of PP with the macrocations by the electrostatic 
and hydrophobic interactions. The binding constants of 
PP with COPVP, CBPVP, and BzPVP were determined 
directly from the hypochromic effect in this work. The 
modified Benesi-Hildebrand plots are shown in Figure 6. 
From the slopes of the linear relations, the association 
constants were evaluated to be 270,460, and 12 OOO mol-' 
dm3 for the PP + CIPVP, PP + C3PVP, and PP + 
BzPVP systems, respectively. 

The association between CD and the macrocations ex- 
cept C16BzPVP is safely neglected compared with the 
strong binding between PP and the macrocations.@ The 

l o  
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F'igure 7. Influence of foreign salts on k for PP + &CD reactiom. 
[PPI, = [@-CD], = 5 X lO* mol dm", at 550 nm, in Sbrensen 
glycine (11) buffer (pH 10.4): (- - -1 KC1, CaCl,, NaPSS, NaDNA; 
(0) NaPES; (X I  PLL; (A) DECS; (0) C2PvP; (v) C3PVP; (0) 
NaDS; (A) BzPVP; (m) CTAB; (V) C16BzPVP. 
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Figure 8. Influence of foreign salts on kb for PP + @-CD reactions. 
[PPIo = [,%CD], = 5 X mol dm-3, at 550 nm, in Sbrensen 
glycine (11) buffer (pH 10.4): (X) PLL; (A) DECS; (0) CSPVP; 
(V) CBPVP; (A) BzPVP; (.) CTAB; (v) C16BzPVP. 

inclusional association of C16BzPVP molecules with CD 
molecules has been investigated from esterolysis@ and the 
conductometric studies.22 Both PP and CD were bound 
with the C16BzPVP macroions and reduced the reaction 
rate between free PP and CD significantly. 

The ionic detergents (anionic NaDS and cationic CTAB) 
decreased K values as is shown in Figure 5. PP substrates 
have been reported to be bound with both NaDS and 
CTAB,@JS and the inclusional association took place be- 
tween the ionic detergents and CD molecules.8 The as- 
sociation constants for the associations of NaDS + a-CD, 
NaDS + 0-CD, CTAB + a-CD, and CTAB + j3-CD were 
111 (160),356,1110, and 2240 mol-' dm3, respectively.8J4 
The values in parentheses are ones obtained in our labo- 
ratory recently.14 Thus, the decreasing effect of CTAB and 
NaDS is interpreted by the binding of these detergents 
with both of PP and CD molecules. 

Figure 7 shows the influence of macroions and ionic 
detergents on the kf of the inclusional association between 
PP + j3-CD. The kf values decreased especially by the 
addition of hydrophobic and cationic macroions. The 
influence of electrolyte addition on the kf values was quite 
similar to that on the K values described above. These 
observations are interpreted by the binding interactions 
of reactant molecules (PP and CD) with the electrolytes 
and the resulted depression of the activities of the reac- 
tants in the activated-complex theory. 

l F E l  ( m o l  dm-3 ) 
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Thus, K2 is evaluated from eq 11. Figure 9 shows the plots 
of ([FElo/[FElf) - 1 against ([CDlo/[CDlf) - 1 for the 
systems PP + 8-CD + C3PVP and PP + 8-CD + BzPVP. 
The rough values of K2 between PP and C3PVP and be- 
tween PP and BzPVP were estimated from the slopes to 
be 360 and 7800 mol-' dm3, respectively. These values 
agree well with the association constants obtained directly 
spectrophotometrically, i.e., 460 and 12 000 mol-' dm3, 
respectively. 

The parameters kol, klo, k,, and km are evaluated from 
eq 14 and 15 when the reaction 8 is in preequilibrium:22 

7I-1 = kO,([CDIf + [PPI3 + k'0 (14) 

k2o) + [PPlfI + k2o (15) 
However, the evaluation of the kinetic parameters was not 
made because the qcl values were not able to be deter- 
mined in our temperature-jump measurements. 

Acknowledgment. We thank Professor N. Ise for his 
encouragements. We acknowledge Drs. Y. Tanaka and T. 
Ishiwatari for a stimulating and informative discussion of 
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7n-' = ~02~[FEIf(~O,[PPlf + k2O)/(kO'[CDlf + ~ol [ppl f  + 

Jh&try NO. PP, 77-09-8; (u-CD, 10016-20-3; 8-CD, 7585-39-9; 
NaPSS, 62744-35-8; NaPES, 9002-97-5; PLL, 25988-63-0; DECS, 
27577-32-8; CPPVP, 25619-82-3; CBPVP, 42845-23-8; NaDS, 
151-21-3; BzPVP, 30109-97-8; CTAB, 57-09-0; (C16BzPVP)- 

10043-52-4. 
(BzPVP) (copolymer), 40780-43-6; KCl, 7447-40-7; CaC12, 
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The apparent backward rate Constants, kb, with foreign 
salts are shown in Figure 8. Clearly, the strongly hydro- 
phobic macrocations increased kb The main factor for this 
is ascribed to the fact that the activated complex, the 
structure of which is close to the reactant s ta te ,  was bound 
with the macroions much more strongly than with the 
product, i.e., inclusional compound of CD with PP. 

Note that the parameters K, kf, and &, in the presence 
of foreign salts are the apparent values and not real ones. 
Determination of the real individual rate constants in the 
ternary systems, PP + CD + foreign electrolytes (FE), is 
not so easy. Here we consider three kinds of reactions 
given by eq 8-10. The further associations of the produ& 
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(9) 

(10) 

with any of reactant molecules such as PP-CD + FE were 
neglected in this discussion. It should be noted that the 
association constants between PP and CD (Kl) and be- 
tween PP and FE (122) are not independent from each other 
but correlated by eq 11 
Kl/K2 = ~ ~ 0 1 / k 1 0 ~ / ~ ~ 0 2 / ~ 2 0 ~  = 

PP + CD & PP-CD 

PP + FE .=k PP-FE 

CD + FE & CD-FE 

k10 

km 

km 

([PP-CDI / ~ ~ ~ l ~ ~ ~ ~ l ~ ~ / ~ ~ ~ ~ ~ ~ ~ l / ~ ~ ~ l ~ ~ ~ ~ l ~ ~  
[([CDIO/[CDlf) - 1l/[([FEIO/[FElf) - 11 (11) 

where subscripts f and 0 denote the free state and the total 
quantity. Furthermore, [FE], and [CD], are given by the 
observable quantities such as [PPI,, [PPlf, [FEIo, and KI 
as 
[PPI, = [FEIo - [PPI0 + P I f  + 

Ki[PPlf[CDlo/(1 + K,[PPlf) (12) 

[CDlf = [CDlo/(1 + Ki[PPIf) (13) 

Bender, M. L.; Komiyama, K. Cyclodextrin Chemistry; 
Springer-Verlag: New York, 1978. 
Saenger, W. Angew. Chem., Znt. Ed. Engl. 1980,19, 344. 
Breslow, R. Acc. Chem. Res. 1980, 13,170. 
Tabushi, I. Acc. Chem. Res. 1982, 15, 66. 
Szejtli, J. Cyclodextrin and Their Inclusion Complexes; Aka- 
demiai Kiado: Budapest, Hungary, 1982. 
Lautsch, W.; Wiechert, R.; Gnichtel, H.; Schuchardt, G.; 
Kraege, H. J.; Singewald, Ch.; Broaer, W.; Becker, H.; Rauhut, 
H.; Grimm, W. Oesterr. Chem.-Ztg. 1957,58, 33. 
Taguchi, K. J.  Am. Chem. SOC. 1986,108,2705. 
Okubo, T.; Kitano, H.; Ise, N. J .  Phys. Chem. 1976,80, 2661. 
Kitano, H.; Okubo, T. J.  Chem. SOC., Perkin Trans. 2 1977, 
432. 
Turro, N. J.; Okubo, T.; Chung, C. J. J.  Am. Chem. SOC. 1982, 
104, 1789. 
Turro, N. J.; Okubo, T.; Chung, C. J. J. Am. Chem. SOC. 1982, 
104,3954. 
Satake, I.; Ikenoue, T.; Takeshita, T.; Hayakawa, K.; Maeda, 
T. Bull. Chem. SOC. Jpn. 1985,58,2746. 
Saenger, W.; Muller-Fahmow, A. Angew. Chem., Znt. Ed. Engl. 
1988, 27, 393. 
Okubo, T.; Maeda, Y.; Kitano, H. J .  Phys. Chem. 1989, 93, 
3721. 
Okubo, T.; Ise, N. J.  Am. Chem. SOC. 1973,95,2293. 
Okubo, T. J.  Colloid Interface Sci. 1988, 125, 386. 
Harada, S.; Arai, K. Makromol. Chem. 1967,107,78. 
Negi, Y.; Harada, S.; Ishizuka, I. J.  Polym. Sci. 1967,5, 1951. 
Eigen, M.; de Mayer, L. C. Technique of Organic Chemistry; 
Friess, S.  L.; Lewis, E. S.; Weissberger, A., Eds.; Interscience: 
New York, 1963; Vol. 8. 
Cramer, F.; Saenger, W.; Spatz, H. Ch. J. Am. Chem. SOC. 
1967, 89, 14. 
Cramer, F.; Hetller, H. Naturwissenschaften 1967, 72, 627. 
Okubo, T., to be submitted for publication. 


