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Abstract

We report herein the interactions of a cationic surface-active molecular probe having long diphatic chains, i.e.,
iodo-methyldioctadecyl 2-( p-hexylaminophenyl)-3,3-dimethyl-5-carboethoxy-3H-indole ammonium, with B-CD investi-
gated by spectral and photophysical characterizations. It is found through lifetime measurements that only two species exist
within the whole range of B-CD concentrations. Both the steady-state and the time-resolved fluorescence results further
show that the stoichiometry of the inclusion complex is 1:3. It is also suggested that an interaction of the aliphatic chains of
the cationic 3H-indole with B-CD takes place. Finaly it is shown that a new rotaxane forms spontaneously in solution.

© 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

Cyclodextrins (CDs) are toroidally shaped cyclic
oligosaccharides, mostly consisting of six, seven and
eight glucose units for «-CD, B-CD and +v-CD,
respectively. Their hydrophobic cavities enable them
to accommodate various kinds of molecules to form
inclusion complexes, which leads to widespread ap-
plications in pharmaceutical chemistry, food technol-
ogy, anaytical chemistry, chemical synthesis, and
catalysis [1-6]. Therefore the investigations of the
inclusion complexes have been the focus of great
efforts in organic chemistry. Among the various
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possibilities of intermolecular interactions between
CDs and organic molecules, the 1:1 and 1:2
(guest:host) inclusion complexes are the most com-
mon types. However, under appropriate conditions,
supramolecular assemblies such as catenanes [7],
rotaxanes [8,9], polyrotaxanes [10], nanotubular
structures [11,12], or threaded cyclodextrins [13] that
do not involve any covalent bonding between the
cyclodextrin and the other molecule, can be ob-
tained.

In the past few years, our research group has been
focused on the study of some substituted 3H-indoles
in microenvironments [14-17]. Very recently, our
research group started a program of studying the
complexation between substituted 3H-indoles and
CDs [18-22]. It was found that 1:1 and 1:2 com-
plexes are usualy formed between 3H-indoles and
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Fig. 1. Molecular structure of 2.

CDs [18,19,21,22]. However, for a cationic 3H-in-
dole (1), we have reported for the first time the
formation of a 1:3 inclusion complex, which belongs
to a novel kind of rotaxane [20].

In this Letter, we aim to study the interaction of a
cationic 3H-indole having long aliphatic chains (2,
see Fig. 1), with B-CD. Like 1, quantitative analyses
on the results of fluorescence intensity and lifetime
measurements show that three 3-CD molecules will
simultaneously accommodate the aromatic chain of 2
(1:3 rotaxane-like inclusion complex). But the results
strongly suggest that each aliphatic chain of 2 will
also be incorporated into one or two B-CD cavities,
giving rise to a new kind of inclusion complex.
Inclusion complexes between surfactants and cy-
clodextrins have recently received much attention
[19,23-27], partly because these systems can be used
to model the effect of cyclodextrins on phospho-
lipids, a major constituent of cell membranes [23].
Moreover, to the best of our knowledge, the sponta-
neous formation of rotaxanes in solution has not
been reported yet in the literature. Thus we consider
that this work is important not only because 2 forms
a new kind of 1:3 inclusion complex, but aso be-
cause it forms a new kind of rotaxane.

2. Experimental
2.1. Materials

The synthesis and purification of 2 were done
according to the modified methods of Skrabal et al.
[28] and was reported by Popowycz [29]. Analytical
grade reagent methanol, urea and B-CD (Aldrich)
were used as received.

2.2. Instruments

Absorption spectra were recorded on a Cary 1 Bio
UV -vis spectrophotometer using 1 cm quartz cells.

Fluorescence spectra corrected for the emission de-
tection were measured on a Spex Fluorolog-2
spectrofluorimeter with a F2T11 special configura-
tion. The excitation and emission bandpasses used
were 2.6 and 1.9 nm, respectively. Each solution was
excited near the absorption wavelength maximum
using 1 cm path quartz cells. All corrected fluores-
cence excitation spectra were found to be equivalent
to their respective absorption spectra. Fluorescence
lifetime measurements were made on a multiplexed
time-correlated single-photon counting fluorometer
(Edinburgh Instruments, Model 299T). Details are
described elsewhere [30].

2.3. Methods

Fresh sample solutions were used in all measure-
ments. The concentration of 2 for absorption spectra
was (2—-3) X 10~ M except stated otherwise, while
those for steady-state and time-resolved fluorescence
measurements were 107° and 3 X 107° M, respec-
tively. A stock solution of 2 was prepared in
methanol, and 0.1 ml aliquots of this solution were
added to aqueous solutions of B-CD. The fluores-
cence quantum yields were measured using the 2-
( p-dimethylaminophenyl)-3,3-dimethyl-3H-indole
molecule as a standard in methanol (@ = 0.24) [31].
The error in the determination of the @ values is
~ 10%. To analyze the lifetime data, a global itera-
tive reweighted reconvolution program based on a
nonlinear least-squares method was used based on
the Marquardt algorithm [21,32].

The entire decay profiles were analyzed at differ-
ent concentrations of B-CD solutions. Lifetime data
were globally analyzed by using single, double and
triple exponentials. The excitation and emission
wavelengths were 395 and 485 nm, respectively.
Since what is important for global anaysis is the
number of total counts under an entire surface and
not in any single curve [32], 5000 counts were
collected for each sample. All measurements were
carried out at room temperature.

3. Results and discussion
3.1. Sectral characteristics

The absorption and fluorescence spectra of 2 in
water and in B-CD solutions of various concentra-



X. Shen et al. / Chemical Physics Letters 301 (1999) 193199 195

Wavenumber/cm'

15000 20000 25000 30000
30000 T

25000

20000

15000

M lem?

10000

30000 F- 3

Relative Intensity

N
S
8
8
8
T

w
1

Wavenumber/cm™'

Fig. 2. Absorption (A) and fluorescence (B) spectra (normalized
according to the respective fluorescence quantum yield) of 2 in:
(1) water (solid); (2) 0.004 M B-CD (dash); (3) 0.008 M B-CD
(dot); and (4) 0.015 M B-CD (short dash).

tions are shown in Fig. 2. The optical characteristics
of these spectra are compiled in Table 1.

Fig. 2 and Table 1 show that the absorption
wavenumber does not change going from water to
B-CD solutions. This might suggest that both the
amino and indolic nitrogen are probably at the junc-
tions of adjacent cyclodextrins and thus experience
close contacts with water molecules. However, the
FWHM values of the absorption and fluorescence

bands increase going from water to 3-CD solutions,
which is consistent with the blue shift observed in
the fluorescence spectra. This indicates that 2 trans-
fers from a polar to a less polar environment.

It is also noted from Table 1 that the fluorescence
quantum yield of 2 increases with increasing the
B-CD concentration. This strongly suggests that 2
moves from water to less aqueous sites that avoid the
intramolecular twisting responsible for the stabiliza-
tion of the TICT state and the quenching of the
normal fluorescence [31,33,34]. But by comparing
the fluorescence quantum yield value of 2 in 0.015
M B-CD solution with those of 2-( p-aminophenyl)-
3,3-dimethyl-5-carboethoxy-3H-indole and 2-
( p-dimethylaminophenyl)-3,3-dimethyl-5-carboetho-
xy-3H-indole in 0.004 M B-CD solution, which are
0.37 and 0.39, respectively [18], one can infer that in
0.015 M B-CD solution there are possibly some
amount of 2 remaining in water.

3.2. Association constants

Since only one new species is formed in the
presence of 3-CD according to the lifetime measure-
ments (see Section 3.3), the data have been analyzed
according to our most recent paper [20].

The plot of 1/1, vs. [CD], is shown in Fig. 3A.
The NLR anaysis indicates that reasonable results
(values of the variables, standard errors, 95% confi-
dence intervals, correlation coefficient, and absolute
sum of squares) can be obtained only when a 1:3
complex is formed. The fit converged well with a
correlation coefficient r? = 0.992 (see Fig. 3A). The
value of the association constant (K') estimated is

Table 1

Spectral characteristics of 2 in various environments

Medium 70 gb 7 Stokes shift FWHM , FWHM ¢ D
(em™1) M~ tem 1) (em™1) (em™Y) (em™Y) (em™b)

Water (pH = 9.5) 25400 24200 20200 5200 4800 3000 0.013

0.004 M B-CD (pH = 9.5) 25300 (26600)¢ 20400 4900 (4800)¢ 3200 0.021

0.008 M B-CD (pH = 9.5) 25300 (22500) 20600 4700 (5000)¢ 3300 0.065

0.015 M B-CD (pH = 9.5) 25400 (22000)¢ 20700 4700 (5100)¢ 3400 0.14

@Absorption wavenumber taken at the center of mass of the absorption band.

®Molar absorption coefficient at the peak intensity maximum.

°Fluorescence wavenumber taken at the center of mass of the fluorescence band.
9These values, especialy those at [3-CD] = 8 and 15 mM, are with errors due to the scattering in the absorption spectra resulting from the

large size of the 1:3 complex [20].
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Fig. 3. (A) Plot of the relative fluorescence intensity vs. [CD], for
2 complexed to B-CD. The full line is the nonlinear regression fit
to the experimental data points following eq. (12) of Ref. [20]. (B)
1/(1 — 1) as afunction of [CD]; 3.

(5.0 + 0.6) X 10° M2, It should be pointed out that
any reasonable results of NLR analyses are not
obtained using other models, such as 1:1 and 1:2
complexes coexisting, 1:2 and 1:3 complexes coex-
isting and only the 1:4 complex existing. The 1.3
complexation model is further supported by the
straight line of 1/(1 —1,) plotted against [CD];*
(r =0.994; Fig. 3B). It should also be pointed out
here that, when 1 /(1 — 1) is plotted against [CD], %,
[CD], 2 and[CD]; #, respectively (figures not shown),
straight lines cannot be obtained.

Fig. 3A aso shows that at the highest concentra
tion of B-CD studied, which is very close to its
maximum solubility [33], i.e, 0.016 M, the fluores-
cence intensity is still increasing. This means that
free molecules of 2 have not completely transferred
into the cavities of B-CD. Thisis in agreement with
the results of the lifetime measurements listed in
Table 2 (see Section 3.3) and the fact that the total
fluorescence quantum yield in 0.015 M B-CD only
reaches 0.14 as discussed in Section 3.1.

A recent study of urea effect has shown to be an
effective way of confirming the hydrophobic nature
of complexes formed between cyclodextrins and
3H-indoles [18—20]. Moreover, the hydrophobic in-
teraction mechanism between urea and 3H-indoles
has also been established [18]. For this reason, the
urea effect study has been performed on the interac-
tion between 2 and B-CD. It was found that the
interaction pattern of 2 with 3-CD in the presence of
3 M urea is similar to that in the absence of urea,
that is, reasonable results of the NLR analysis can be
obtained only when the 1:3 complexation model is
employed and the plot of 1/(1 —1,) vs. [CD];?3
exhibits a straight line (figures not shown). But, the
association constant K’ is decreased to (2.2 4+ 0.4)
X 10° M 3. These results lead us to conclude that
the nature of the interaction between 2 and either
B-CD or urea is hydrophobic [18—20].

All the results presented above seem to show that
each molecule 2 is encapsulated simultaneously by
three B-CD molecules. However, it should be noted
that the change in the fluorescence intensity reflects
directly the change in the microenvironment of the
aromatic chain, but not of the two long aliphatic
chains of 2. This is the reason why the interaction
pattern between 2 and B-CD is similar to that be-
tween 1 and B-CD. But it is well known that the
diphatic chains of the surfactants such as SDS and

Table 2

Lifetimes, normalized pre-exponential factors and fraction f2
associated with the decay at various concentrations of B-CD using
the global analysis method

[BcDl -, B f; 7, B, f, Individud x7
()RS (s x?
0 032 099 094 233 00l 006 150 121
0.004 0.90 054 010 046 1.19
0.006 0.82 038 018 0.62 1.28
0.008 066 021 034 079 1.24
0.010 041 0.09 059 091 1.05
0.011 033 0.06 067 094 1.26
0.012 027 0.05 073 095 1.11
0.013 027 0.05 073 095 1.32
0.014 022 0.04 0.78 0.96 1.06
0.015 0.18 0.03 082 097 111

af is the fractional contribution from one species at one particular
wavelength to the total fluorescence intensity defined as f; =
(B;7;)/(X; B;7), where B is the pre-exponentia factor and = is
the associated lifetime, with X; f; = 1.
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CTAB form 1:1 and 1:2 complexes with 3-CD (Ref.
[19] and refs. cited therein). Thus, a similar phe-
nomenon could occur for 2, the surface active molec-
ular probe. If the interaction between the aliphatic
chains of 2 and B-CD does exist, then [S(CD),]
becomes an apparent concentration that does include
the contribution from higher-order complexes
(L:4...2:7) and the equilibrium involving the forma-
tion of the 1:3 complex will be moved toward the
right. This is opposite to the effect of urea, which
makes the equilibrium move toward the left. In the
latter case, we have observed that the apparent
association constant is reduced by the hydrophobic
interaction between urea and 3H-indoles [18-20].
Obvioudly, in the former case, the apparent associa-
tion constant of the 1:3 complex will increase to
some extent. To shed some light on this problem,
one can compare the association constants of 2 with
those of 1 in the absence and presence of urea,
respectively. The values for 1 without and with urea
are (3.7+0.4) x 10° and (5.6 + 0.8) X 10* M3,
respectively [20]. The fact that the association con-
stant of 2 is larger than that of 1 in the absence of
urea is an indication that the aliphatic chains might
fit into the B-CD cavity. On the other hand, in the
presence of 3 M urea, the association constant of 2 is
about four times higher than that of 1. It is worth
mentioning that the urea concentration used is very
high such that the hydrophobic interaction of urea
and the aliphatic chains is considerable. Moreover it
was reported that the hydrophobic interaction of urea
on the aliphatic chain of SDS exists and thus the
CMC of SDS is markedly increased [18,35]. On the
basis of these facts, we believe that the complexation
of the aliphatic chains of 2 with B-CD takes place.
Otherwise, the association constant value between 2
and B-CD would be obviously lower than that be-
tween 1 and B-CD.

It is important to point out here that the three
B-CD molecules complexed with the aromatic chain
are not undergoing dynamic exchange with free 3-CD
because of the rotaxane-like structural feature [20].
However, the 3-CD molecules complexed with the
aliphatic chains should have exchange with free 8-
CD. Since one or two B-CD molecules might accom-
modate each aiphatic chain, many types of higher-
order complexes between 2 and 3-CD such as 1:4,
1.5, 1:6 and 1.7 complexes could possibly exist.

3.3. Lifetime measurements

The fluorescence decay curve of 2 was measured
in B-CD solutions of various concentrations. A global
analysis was carried out by linking the fluorescence
decay curves together. The results were judged by
the statistical fitting parameters y? for the individ-
ua single curve anaysis and for the global analysis
(x2)- The statistical criteria to judge the quality of
the fit include both graphical and numerical tests
[20,21].

We attempted a global double exponential analy-
sis, linking the decay curves together. Two lifetimes
were obtained with a satisfactory ng value (Table
2). The triple exponential analysis was also at-
tempted on the same set of conditions. However, it
did not bring about any improvement of ng. It hasto
be pointed out here that the fluorescence decay of 2
in pure water analyzed individually is not well repro-
duced by a single exponential. A short lifetime of
0.28 ns with a normalized preexponential factor of
0.97 is obtained together with a longer lifetime of
1.13 ns with a preexponential factor of 0.03. Thisis
the reason why when the decay in pure water is
included in the global analysis at all concentrations
of B-CD, the individual x? in pure water is poor
(see Table 2). A similar phenomenon was observed
for 1 [20]. On the other hand, performing the global
analysis at al concentrations of 3-CD excluding the
decay in pure water, one obtains results for B, 7,
and B,,7, similar as those reported in Table 2.
Therefore, we believe that only two species exist in
al the samples except that in pure water. The com-
ponent with the smaller lifetime should correspond
to the free molecules of 2 in water whereas the
component with the larger lifetime involves the in-
clusion complex. As discussed in Section 3.1, 2 is
less in contact with water in the inclusion complex.
Thus the quenching of the fluorescence observed in
aqgueous solutions is avoided [31,33,34], giving rise
to higher values of the fluorescence quantum yield
and lifetime for the inclusion complex.

Using the values of B, and B, at various concen-
trations of B-CD in Table 2, one can aso estimate
the association constant [20,21]. The plot of B,/B,
as a function of [CD]3 should exhibit a straight line
through the zero point [20], the slope of which is
equal to the K’ value. Fig. 4 illustrates this kind of
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Fig. 4. Plot of the ratio of the preexponential factors (B, /B,) as afunction of [CDI3.

straight line with a correlation coefficient r = 0.992.
The K’ vaue is estimated to be (1.3 + 0.1) x 10°
M ™3, which is similar to that of 1 obtained through
the similar method [20]. It is noted that this value is
2.6 times higher than that obtained from the NLR
analysis on the fluorescence intensity. This kind of
discrepancy also appears in the literature [20,36].
The possible reason is that the inclusion complex in
the excited state is not exactly the same as that in the
ground state. Nevertheless, the fact that the plot of
B,/B, vs. [CDJ} indeed exhibits a straight line
through the zero point strongly supports the forma-
tion of the 1:3 complex. Again, we found that the
plots of B,/B, against [CD],, [CD]; and [CDI3,
respectively, do not exhibit straight lines (figures not
shown). Finally, it should be noted that, due to the
discrepancy of the K’ value, no information on the
interactions between the aliphatic chains of 2 and
B-CD can be obtained through the comparison of K’
values of 1 and 2.

4. Concluding remarks
The NLR anaysis on the steady-state fluores-

cence intensity of 2 in 3-CD suggests that only the
model based on the formation of the 1:3 inclusion

complex is operative. The data of the lifetimes ob-
tained by the global analysis revea that there are
only two discrete environments, i.e., bulk water and
an inclusion complex. The analysis of the preexpo-
nential factors is in good agreement with the model
of the 1:3 inclusion complex. A comparison of the
association constants of 2 and 1 in the absence and
presence of urea, respectively, also suggests that the
two long aliphatic chains are also incorporated into
B-CD cavities. It is aso shown that the inclusion
complex between 2 and B-CD forms a novel kind of
rotaxane. To our knowledge, the spontaneous forma-
tion of rotaxanes in solution is reported for the first
time in the literature.

Acknowledgements

We gratefully acknowledge the financial assis-
tance of the National Sciences and Engineering Re-
search Council of Canada and the ‘‘ Fonds FCAR"
(Québec) in the form of grants. We also thank Mr.
Adrian Popowycz for the synthesis and purification
of the substituted 3H-indole studied here. XS thanks
Peking University, PR China, and University of
Montreal, Canada, for the financial assistance pro-
vided by the exchange program.



X. Shen et al. / Chemical Physics Letters 301 (1999) 193199 199

References

[1] M.L. Bender, M. Komiyama, Cyclodextrin Chemistry,
Springer, New York, 1978.
[2] W. Saenger, Angew. Chem., Int. Ed. Engl. 19 (1980) 344.
[3] J. Szejtli, Cyclodextrins and Their Inclusion Complexes,
Akadémiai Kiado, Budapest, 1982.
[4] S. Li, W.C. Purdy, Chem. Rev. 92 (1992) 1457.
[5] J. Szejtli, Cyclodextrin Technology, Kluwer, Dordrecht, 1988.
[6] G. Wenz, Angew. Chem., Int. Ed. Engl. 33 (1994) 803.
[7] A. Luttringhaus, F. Cramer, H. Prinzbach, Angew. Chem. 69
(1957) 137.
[8] R.S. Wylie, D.H. Macartney, J. Am. Chem. Soc. 114 (1992)
3136.
[9] R. Isnin, A.E. Kaifer, . Am. Chem. Soc. 113 (1991) 8188.
[10] A. Harada, J. Li, M. Kamachi, Nature (London) 356 (1992)
325.
[11] G. Li, L.B. McGown, Science 264 (1994) 249.
[12] G. Pigtolis, A. Madlliaris, J. Phys. Chem. 100 (1996) 15562.
[13] A. Harada, J. Li, M. Kamachi, Nature (London) 364 (1993)
516.
[14] S. Nigam, M. Belletéte, R.S. Sarpal, G. Durocher, J. Chem.
Soc., Faraday Trans. 91 (1995) 2133.
[15] S. Nigam, R.S. Sarpa, M. Belletéte, G. Durocher, J. Colloid
Interface Sci. 177 (1996) 143.
[16] R.S. Sarpal, M. Belletéte, G. Durocher, J. Phys. Chem. 97
(1993) 5007.
[17] R.S. Sarpal, G. Durocher, J. Photochem. Photobiol. A: Chem.
80 (1994) 307.
[18] X. Shen, M. Belletéte, G. Durocher, J. Phys. Chem. B 101
(1997) 8212.
[19] X. Shen, M. Belletéte, G. Durocher, Langmuir 13 (1997)
5830.

[20] X. Shen, M. Belletéte, G. Durocher, J. Phys. Chem. B 102
(1998) 1877.

[21] S. Nigam, G. Durocher, J. Phys. Chem. 100 (1996) 7135.

[22] S. Nigam, G. Durocher, J. Photochem. Photobiol. A: Chem.
103 (1997) 143.

[23] V.C. Reinsborough, SW. Wetmore, Langmuir 11 (1995)
2476.

[24] H. Mwakibete, R. Cristantino, D.W. Bloor, E. Wyn-Jones,
JF. Holzwarth, Langmuir 11 (1995) 57.

[25] H. Mwakibete, R. Cristantino, D.W. Bloor, E. Wyn-Jones,
Langmuir 10 (1994) 3328.

[26] JW. Park, H.J. Song, J. Phys. Chem. 93 (1989) 6454.

[27] JW. Park, H.J. Song, J. Inclusion Phenomena Mol. Recognit.
Chem. 17 (1994) 277.

[28] P. Skrabal, J. Steiger, H. Zellinger, Helv. Chim. Acta 58
(1975) 800.

[29] A. Popowycz, M.Sc. Thesis, University of Montreal, Mon-
treal, PQ, 1991.

[30] B. zelent, T. Ganguly, L. Farmer, D. Gravel, G. Durocher, J.
Photochem. Photobiol. A: Chem. 56 (1991) 165.

[31] M. Belletéte, R.S. Sarpal, G. Durocher, Can. J. Chem. 72
(1994) 2239.

[32] JM. Beechem, M. Ameloot, L. Brand, Anal. Instrum. 14
(1985) 379.

[33] R.S. Sarpal, M. Belletéte, G. Durocher, Can. J. Chem. 71
(1993) 1570.

[34] M. Belletete, S. Nigam, G. Durocher, J. Phys. Chem. 99
(1995) 4015.

[35] N.R. Choudhury, J.C. Ahluwalia, J. Chem. Soc., Faraday
Trans. 1 77 (1981) 3119.

[36] S.D. Feyter, J. van Stam, N. Boens, F.C. De Schryver,
Chem. Phys. Lett. 249 (1996) 46.



