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Effect of cyclodextrin complexation on excited state proton transfer reactions Nitin Chattopadhyay+ Department of Physical Chemistry, Indian Association for the Cultivation of Science, Jadavpur, Calcutta 7W32 (India)



(Received June 12, 1990)



Abstract Steady state and time-resolved fluorometric investigations of the excited state proton transfer reactions of carbazole and 2-naphthylamine in the presence of P-cyclodextrin are reported in this paper. The results, together with earlier reports, reveal that the prototropic reaction depends not only on the microenvironment of the molecule, which is imposed by cyclodextrin, but also on the nature of the molecule itself. Thus, in comparison with the bare chromophore, the deprotonation.rate of the cyclodextrin inclusion complex is enhanced when the guest molecule is carbazole, whereas it is decreased for guests like naphthylamine or naphthols.



1. Introduction Cyclodextrins (CDs) are linked glucopyranose rings forming a doughnut-shaped compound [l]. The number of glucose units and, consequently, the cavity diameter increase on going from a-CD to y-CD [2]. Thus, depending on the cavity size, CDs are capable of including different guest molecules. The different microenvironment of the organic guests as a result of CD complexation causes a change in the photochemical pathways of excited state proton transfer (ESPT) reactions of the host-guest complex. In a previous paper [3], we demonstrated the effect of complexation of yCD on the ESPT of carbazole. The result indicated that inclusion in y-CD enhances the rate of the forward deprotonation reaction by about lOO%, as compared with the bare chromophore moiety, but has hardly any effect on the reverse process. However, this result does not agree with the ESPT studies of Shizuka and coworkers 14, 51 and Eaton [6] on naphthol-CD systems where a decrease in the proton transfer rate was observed. Thus, it is important to determine whether the probe or the complexing agent has the primary influence over the excited state adiabatic prototropic process. In this paper, steady state and time-resolved results of ESPT reactions are reported for P-CD complexes of carbazoie and 2naphthylamine.



2. Experimental



details



and 2-naphthylamine (2NA) has been The purification of carbazole (CAZL) described previously 17, 81. Analytical grade (x-CD, p-CD and y-CD were obtained ‘Address for correspondence: Department of Chemistry, Kanyapur Polytechnic, Asansol-4, Pin. 713304, West Bengal, India.
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from Aldrich and used as received. Sodium hydroxide and sodium iodide (Ranbaxy, analytical reagent) were used without further purification. Triply distilled water was used as solvent as in earlier studies [9, lo]. All the solutions were freshly prepared just before the experiments and degassing of the solutions was found to be unnecessary. The absorption and emission spectra were recorded on a Car-y-17D spectrophotometer and a Perkin-Elmer MPF 44B spectrofluorimeter respectively. The time-resolved experiments were performed using a time-correlated single-photon counting technique [Xl]; the experimental details have been discussed elsewhere [7].



3. Results



and discussion



Formation and stability of the inclusion compIex Several parameters can be monitored to determine that the chromophore molecule is actually embedded in CD. The simplest is the enhancement of the solubility of the guest moiety in the presence of CD; for example, the optical density (at 290 nm) of a 5 mM y-CD solution saturated with CAZL is about 2.5 times that of a CAZLsaturated water solution and the optical density (at 290 nm) of a 5 mM p-CD solution saturated with CAZL is about twice that of a CAZL-saturated water solution; this indicates an interaction between CAZL and CDs. Fluorescence anisotropy measurements can also be used. The polarization ratio is 0.32 for a saturated aqueous solution of CAZL (excitation wave(11, -r,>lW +I,> length, 295 nm; emission wavelength, 360 nm) in the absence of CD, but is 0.38 in the presence of 5 mM P-CD and 0.37 in the presence of 5 mM y-CD. The increase in the polarization ratio in the presence of CDs cannot be ascribed to any shortening of the lifetime on addition of CDs [3], since the lifetime of neutral CAZL has actually 3.1.



been observed to increase in their presence (7;&~!& &g”,, and +,$“,, are 10.0, 10.6 and 10.3 ns respectively). It obviously reflects the fact that the rotational relaxation of excited CAZL is somewhat restricted within the CD cavity, while the rotations of the larger CAZL-CD supracomplexes are, in general, comparatively slow. It is pertinent to note that CAZL does not form an inclusion complex with cu-CD due to the small cavity diameter (4.5 A). The different asymmetry in CDs, developed as a result of the inclusion of the guest molecule, can be obtained from circular dichroism spectra. Thus circular dichroism has been exploited to establish the inclusion of 2-naphthol in 2-naphthol-CD complexes



[41-



Since the rate of recombination of the guest molecule and CD and the rate of dissociation of the inclusion complex are slow (10’ to lo8 M-’ s-l and 10” s-l respectively) compared with the lifetime of the excited species, it can reasonably be assumed that no dissociation of the inclusion complex and no association between the guest and CD occur in the photoexcited state within the lifetimes of the probe or the corresponding anion [12].



3.2. EfSect of inclusion on fluorescence



quenching Figure 1 shows the Stern-Volmer plots for the fluorescence quenching of CAZL and the CD inclusion complexes by iodide ion (NaI). The Stern-Volmer constant for bare CAZL is 29.05 and those in the presence of @-CD ([p-CD]=5 mM) and y-CD ([y-CD]=5 mM) are 11.7, and 26& respectively. The corresponding rate constants are 2.9? X lo9 M-’ s-‘, 1.1,X lo9 M-‘s-l and 2.62~ IO9 M-l s-l. Shizuka and coworkers [4], from a study of the quenching reaction of 2-naphthol by NaI in aqueous medium,
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Fig. 1. Stem-Volmer plots for fluorescence quenching of CAZL by NaI without CD (a) and in the presence of 5 mM @-CD (b) and 5 mM rCD (c). I,, and 1 denote the fluorescence intensities of CAZL neutral species in the absence and presence of NaI.



reported the rate constants as 4.4X10’ M-’ s-l, 1.1 X109 M-’ s-l, 1.6X lo9 M-i s-l and 4.2X 109 M-’ s-i for free 2-naphthol and CT-,p- and y-CD complexes respectively. The incorporation of the chromophore moiety within CD thus modifies the rate of quenching by external heavy atoms to different extents. The results, at a glance, indicate that as the size of the CD cavity decreases the quenching efficiency is decreased. This can be ascribed to the lack of space available for the iodide ions to come into contact with the embedded molecule. 3.3. Effect of inciusion on the prototropic process In a previous paper [3], we have shown that, for the ESPT reaction of CAZL, the prototropic equilibrium shifts towards the anionic form on encapsulation in CD. the measurement of the individual rates indicated that the forward deprotonation rate constant (k,) was doubled, whereas the back protonation rate (kz) remained unaffected in the presence of +D. However, our results for CAZL are not in agreement with the observations of Shizuka and coworkers [4, 51 and Eaton [6] for 2naphthol. As mentioned earlier, they observed a decrease in the proton dissociation process, which was ascribed to the protection of the probe moiety from OH- attack by the hydrophobic microenvironment of the CD cavity. Our earlier observations are supported by the present steady state and timeresolved studies on the excited state intermolecular proton transfer of CAZL with NaOH using P-CD. By adopting the same techniques, a 90% increase in the deprotonation rate is observed; the backward process again remains undisturbed. In contrast, for 2NA, a 70% decrease in the deprotonation rate is observed when the chromophore is included within P_CD. This observation agrees with the findings of the other groups on 2-naphthol [4-6]. The rate constants for the excited state quenching processes are given in Table 1. One interesting observation during the study of the ESPT of CAZL in the presence of &CD is the resolution of the fluorescence band of the anion (Fig. 2). In the
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External 2-Naphthol



CAZL



Prototropic 2-Naphthol



CAZL



2NA



heavy



atom quenching NaI



NaI



quenching NaOH



NaOH



NaOH



0.0 13.0 13.0 25.0 0.0 5.0 5.0 0.0 13.0 13.0 25.0 0.0 5.0 1.0 0.0 5.0



a-CD &CD y-CD P-CD y-CD



a-CD @-CD yCD P-CD y-CD P-CD



excited



state



quenching



processes



Quenching rate constant (M-l s-l)



Reference



4.4 x 109 1.1 x lo9 1.6x lo9 4.2 x lo9 2.92 x 109 1.1,x 109 2.6*x lo9



4 4 4 4 This This This



5.8 x 10’ 0.8 x 10’ 1.7x 10’ 6.0 x 10’ 1.0 x 10’0 1.g8 x 10” 2.0 x 10’0 7.2 x lo9 2.34x lo9



4 4 4 4 3 This work 3 13 This work



work work work



presence of r-CD, the band is unresolved as in pure aqueous medium [3]. The band resolution in P-CD can be explained if we make the reasonable assumption that less space is available in the P-CD cavity than in the r-CD cavity for water entry. However, the result disagrees with the proposition of Eaton [6] (from lifetime data of 2-naphthol) that there is insignificant binding between the anion and CD. Similar resolved anion emission has also been observed during the ESPT of CAZL in an aqueous solution of a miceile (Triton X-100) [lo]. From a consideration of the band resolution and the excited state lifetime of the anion, the location of the probe has been suggested to be at the micellar surface, the polar part (>NH) peeping through the bulk water phase and the aromatic rings remaining within the less polar environment of the CD cavity. The agreement between these results leads to the proposed encapsulation of CAZL in CD as shown in Fig. 3. Thus it is clear that whether or not the excited state prototropic process is favoured depends on the CD-imposed microenvironment of the guest molecule and the orientation of the deprotonation centre. Using the same CD, the deprotonation rates are found to be decreased when the deprotonating groups are -NH2 (napthylamines) or -OH (naphthols), but enhanced when the group is a heterocyclic ‘NH (carbazole). The discrepancy between the results for CAZL and 2NA (or 2-nap/hthol) may be related to the rigid >NH site of CAZL compared with the free -NH2 or -OH groups. For 2NA and 2-naphthol the suggestions offered by Shizuka and coworkers [4, 51 and Eaton [6] stand (although there is a difference in the mode of encapsulation of naphthol by different CDs, e.g. for a-CD, it is the -OH group which is principally embedded within the cavity, whereas for /3- and y-CDs it is the aromatic part of 2-naphthol which is contained within the cavity 141). Both groups suggest that the environment
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Fig. 2. Steady state fluorescence spectra of CAZL aqueous solutions in 5 mM P-CD as a function of NaOH concentration: (a) 0.0 M; (b) 0.002 M; (c) 0.004 M; (d) 0.006 M; (e) 0.01 M; (f) 0.02 M. (kmrion= 295 nm.)
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Fig. 3. Encapsulation of CAZL
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inside the CD cavity is less polar than the bulk water phase and, consequently, entry of water or caustic base into the encapsulated deprotonation centre is restricted, resulting in a decrease in the prototropic reaction rate. The results for CAZL (and probably similar compounds) can be explained by cooperative proton transfer [3]. From



36 a knowledge that the -OH groups in CD are organized in a circular pattern, Saenger suggested the possibility of a bidirectional flip-flop hydrogen bonding, e.g. I-I.. .O--H-H-0. . -H [14, 151. The cooperative proton transfer scheme adopts this idea and explains the dissociation of the \NH , proton by -OHthrough the participation of the -OH groups of CD in flip-flop motion. The high local concentration of alcoholic -OH groups around the deprotonation centre of CAZL which undergo this type of motion facilitates the prototropic process. The orientation of the chromophore molecule in the inclusion complex, as given in Fig. 3 indicates the feasibility of the cooperative proton transfer phenomenon.



4. Conclusions This work, together with earlier studies 13-61, establishes fairly convincingly that, during the prototropic reaction with caustic base, the deprotonation rate of the CAZL-CD complex increases and the deprotonation rate of the 2NA-CD (or 2-naphthol-CD) complex decreases compared with that of the corresponding free molecules. These results can be explained separately using two independent suppositions. At present, a general scheme cannot be found that can explain both observations simultaneously. Further studies are in progress.
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