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Nanotube Formation between Cyclodextrins and 1,6-Diphenyl-1,3,5-hexatriene
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Adduct formation betweea-, -, v-, and (permethy})-cyclodextrins (CDs) on the one hand and 1,6-diphenyl-
1,3,5-hexatriene (DPH) on the other was studied by fluorescence spectroscopy in a DMF/water mixed solvent.
The four complexes, CBDPH, were found to exhibit remarkable differences in their structures. Thus, while
the a- and 5-homologues form 1/1 complexes with DP$homologue forms nanotubes involving ca. 30
cyclodextrin units and an unknown number of DPH molecules. If, however, the hydrogens of all the OH
groups in they-cyclodextrin are replaced by GHroups, nanotubes do not form. Also, when the alkalinity

of an aqueous solution, in whighCD and DPH have formed nanotubes, is increased above (2, the
nanotubes break down. Moreover, nanotube formation does not occur also when DPH is replaced by certain
of its derivatives, very similar to it in structure and rodlike in shape.

I. Introduction Il. Experimental Section

o-CD, -CD, y-CD, and PM-CD were purchased from
Cyclolab and DPH from Fluka. The two DPH derivatives DPH-
N(CHs), and DPH-NGQ, in which the substituents N(G) and
NO, are attached at the para position of one of the benzene
rings of DPH replacing one hydrogen atom, were obtained from

The homologous cycloamylose series of cyclic oligomers
which consist of six to ninex-1,4-linked p-glucopyranosyl
residues constitute a class of very important chemical com-
pounds. In particular the six-, seven-, and eight-membered

?:(I):)mol_c():ggesiégr)nm(r)nlr);nlameld,ﬁt-r,] et[ngy\-/cyglod:ﬁ]nnf G- ¢ Lambda Fluoreszenztechnologie. All chemicals were used as
B v » are moiecules that nave been the 10CUS OF o qeived. Emission spectra and fluorescence anisotrapies (

great efforts, both in pure and applied resedréhTheir (Ip — /(I + 21,), wherel, andl, stand for the fluorescence

h . . . . p
inexpensive methods of preparation by enzymatic degradation;niengities with the polarizers mutually parallel and perpendicular

of starch? the low toxicity and biodegradability that characterize respectively, were recorded on a Perkin-Elmer LS50-B fluo-
them, and their outstanding physicochemical properties have ometer equipped with filter polarizers. For absorption spectra
aroused considerable interest for these compotindsiduct the Lambda-16 spectrophotometer of Perkin-Elmer was used.
formation with guest molecules in aqueous solutions is one of Flyorescence spectra were obtained by excitation at 356 nm
the most remarkable properties of cyclodextrins. In particular, where, as we have found from absorption measurements, the
inclusion compounds are easily formed provided the guest absorption coefficientsss of DPH does not change when the
molecule can fit, at least partially, into the-B A cavity of the probe is free or complexed with the dextrins studied here.
o-, -, ory-CD host molecule. Furthermore, depending on the Excitation spectra were recorded by monitoring the emission
relative sizes of guest and cyclodextrin molecules, more than at 440 nm. In samples with very weak emission, the uncertainty
one guest can be accommodated in the cavitwhereas if the in the numerical values of the anisotropy,was as high as
guest molecule is long enough, one or two cyclodextrins may 0.01 units; in all other samples the errors were considerably
be threaded along its lengthThese structures are most often lower.

formed in solution, and therefore their characterization by high- ~ With respect to this work DPH and its derivatives present
resolution spectroscopic methods is feasible. Under appropriatetWo very serious experimental problems. The first is the well-
conditions, supramolecular assemblies such as catehaoes, ~known photoisomerization that all polyene molecules undergo
taxane$,and polyrotaxanebnanotubular structuréor threaded ~ When exposed to ligh. To cope with this difficulty, all the
cyclodextrind! that do not involve any covalent bonding solutions were kept in thg dark during preparation and storage.
between the CD and the other molecule, can be obtained. InThe second problem arises from the fact that DPH does not
the present work our original objective was to study adduct form Proper solutions in water. Instead, small aggregates are
formation betweeno-, f-, y-CD and 1,6-diphenyl-1,3,5- formed, as ewdenced by the very stro“ng sc_atte,rllng observed in
hexatriene (DPH) in pure water. In particular fieandy-CD the absorption spectra of aqueous solutllons of DPH (see
were reported to form nanotubular structures a few hundred Figure 1). However, on top of the scattering t_)ackgrounql of
angstroms long, in the presence of DFHWe found however _thg_ sp_ectrl;m, some \f?: small ab?orptlon |s_2q|sce_rn|ble,
that DPH does not form proper solutions in water; for this reason Indicating that a very slight amount of DPH, ca."tM, is

} properly, i.e. molecularly, dispersed in water.
we have used as solvent the m|xFure DMEQH(ZSNS by To avoid the problem of the solubility of DPH in pure water,
volume). To supplement our findings with respect to the

- we have used as solvent a mixture of DMEH 25/75 by
nanotube formation of the-CD homologue, we have also made  \,gyme, in which DPH was found to form proper solutions.

measurements with the permethylate@D (PMy-CD) in which Figure 1 shows the absorption spectra of DPH in pure water
all the hydrogens of the primary and secondary hydroxyl groups gn in the 25/75 DMF/water mixed solvent obtained with a 10

have been replaced by methyl groups. cm cell. The spectrum of DPH in the mixed solvent does not
show any evidence of scattering, as we have confirmed by the
€ Abstract published ilAdvance ACS Abstractéyugust 15, 1996. validity of Beer's law, but the absorption is still very low,
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0,05 Spectroscopic Aspects of DPH.In Figure 2a the excitation
and fluorescence spectra of DPH dissolved in four different
solvents, viz., hexane, ethanol, benzene, and DMB/KR5/
75), are shown. It is clear from this figure that the excitation

4

0,044

gj spectra of DPH undergo considerable shifts according to the
g 0031 nature of the solvent. The property of the solvent that
9 determines the spectral shift of the excitation is the polarizability
.§ 0,024 which is a function of the refractive index of the solvent. Thus,
& hexane and benzene, with very similar dielectric constants but

different polarizabilities, give rise to excitation spectra of DPH
that are red shifted, the latter with respect to the former, by
more than 800 cmt. On the other hand, the excitation spectra
of DPH in hexane and ethanol, two solvents with similar
polarizabilities but different dielectric constants, are nearly
Wavelength (nm) identical. Other parameters of the excitation spectra change as
Figure 1. Absorption spectra of DPH in water (1) and water/DMF the solvent changes; for example, the ratios of the intensities
75/25 (viv) (2), in a 10 cm cell. DMF absorbs strongly below ca. 320 of the vibrational peaks change as the polarizability of the
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nm. solvent changes, but we will not make use of such differentia-

. » ) tions. Similarly, the fluorescence spectra, although they do not
corresponding to solubility less than 6 10-° M. For this demonstrate substantial shifts in energy as the solvent changes,
reason the concentration of DPH was kept low, at 20°° M, show nevertheless some dependence of their spectral pattern

in order to combine good solubility with a reasonable fluores- ,n ihe solvent (Figure 2b). All these conclusions have been
cence signal. The CBDPH complexes in DMF/BD were  jiscssed at length in many places in the literatar&urther-
prepared by evaporating in a flask the calculated volume of & e a5 shown in Figure 2b, the excitation and fluorescence
sr?lunon_olePH I? hexane, then adding the required volume of gnecrg of DPH complexed with cyclodextrins, EDPH,

the particular cyclodextrin dissolved in DMF/& mixture, and  gomonstrate the same behavior as the corresponding spectra
stirring. The process was facm.tated by somcat:zon. In the obtained from pure solvents. Other DPH fluorescence param-
cggceftrlaégrlslg_rgpl\l/loyeﬁ T}ere, Y'Z." [DPH] x 1(_T |'|V| alnd eters that are very sensitive to the binding of DPH to CDs are

[ - ] o » all the solutions were optically clear. o intensity and the anisotropy of the fluorescence. This is
Finally it is worth mentioning here that the fluorescence and clearly shown in Figure 3b, where the total intensity of the

%ng?;'ggligﬁgtra;f i';\hfhngH compledx_es were identical fluorescencé-, i.e. the fluorescence emanating both free DPH
P pure water and in the mixture DMF/ and CD-bound DPH, emitted from a solution containing 4
water. 108 M DPH in DMF/water, is plotted vs the concentration of

) ) added cyclodextrin [CD]. Figure 3a shows a similar increase
Il Results and Discusssion of the fluorescence anisotropy, with increasing [CD]. Note,
however, that the dependence of the fluorescence intensity and
anisotropy of DPH on [CD] is very different between th&€D
andy-CD, nanotubes are formed containing as many as 20 andancl the qther three other cyclodextrins, as is seen in Figure 3.
30 CD units, respectively. According to the same report, this 'I_'hus the intensity of the fIuorescenceqe_CD-assomated DPH .
interesting effect was not observed when DPH was added to rses very ?te‘?p'y. as the concentration 'of.the cyclodextrin
aqueous solutions of the smaller homologueCD. In our Increases, '”d.'C‘"?‘“”g Very gtrong a§300|atlon petween the
attempt to study the quantitative aspects of this effect we found reactants. A similar S”dde'? increase in observed in the values
that DPH does not form proper molecular solutions in pure _Of r |nd|cat|r_19 that th_e size of _the-CD—DPH complex_
water. As we mentioned in the previous section, apart from a increases rapidly, reaching its maximum value 0.34 at relatively

slight amount of molecularly dissolved DPH, microaggregates low y-CD concentrations, ca. {) x 1072 M.' In the t.hree

of DPH are formed when this compound is dispersed in water. other complgxes, however, the quorescenqe intensity rises much
Nevertheless, we have confirmed the formation of nanotubes Slower than iny-CD—DPH, and the same is true for thus it

in pure water from thg-CD andy-CD but not from thex-CD, maximum valuesrmax are much lower than iry-CD—DPH,
exactly as reportet despite the fact that these systems, viz. ViZ- fmax= 0.07 ina-=CD—DPH, Imax=0.115 in-CD—DPH,
CD+DPH-+water, are not homogeneous. The explanation is @NdTmax= 0.155 in PM-CD—DPH, compared {omax = 0.34

that when a microdispersion of DPH in water is mixed with an N 7“CD—DPH. The dependence of all three fluorescence
aqueous solution of cyclodextrin, the very small amount of DPH Parameters of DPH considered here, v, r, and vex (the
that is molecularly dispersed in water forms complexes with Wavenumbers of the lowest energy peak of the excitation
the CDs, thus causing more DPH molecules to go from the SPectrum), on the [CD] is very similar for the caseye€D—
microaggregate phase into the solution and to interact with other DPPH complex;, as is clearly demonstrated in the plots of Figure
free CD molecules, until all present DPH has reacted with the 4- This dependence will be discussed later.

added cyclodextrin. Therefore, the final result is the same as Complexation of Cyclodextrins with DPH. The plots in

if DPH were molecularly dissolved in water from the beginning. Figure 3b show that the intensity of the fluorescence of DPH
However, such inhomogeneous systems of DPH and cyclodex-increases as its association with the cyclodextrins increases.
trins in water are not appropriate for quantitative studies. In Therefore this increase can be used to determine the details of
this work we have studied the interaction of DPH with the CDs the complexation process, viz., the stoichiometry and the
making use of three fluorescence parameters of DPH, viz., its equilibrium constant of the complexes between the cyclodextrins
excitation spectra, its fluorescence intensity, and its fluorescenceand DPH. A simplified, but straightforward, method to obtain
anisotropy. For this reason, first we will discuss briefly some such stoichiometries and also a good approximation of the
relevant spectroscopic properties of DPH. equilibrium constant, without the need to know the fluorescence

In a recent publicatiof qualitative evidence was presented
indicating that when DPH is added to aqueous solutiofs©D
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Figure 2. Excitation and fluorescence spectra of DPH (a) in various solvents: hexane (continuous line); ethanol (dashed-dotted line); benzene
(dotted line); DMF/HO (dashed line). (b) In cyclodextrin/DMF/watex-CD (continuous line)$-CD (dashed line)y-CD (dotted line); P\f-CD
(dashed-dotted line). Excitation of fluorescence at 356 nm; in excitation spectra the fluorescence intensity was monitored at 440 nm.

quantum yields of all the emitting species, viz. free and CD-
bound DPH, is the widely used technique of the double-recip-
rocal plot}* Thus, if the complexation reaction follows eq 1,

K
DPH -+ CD == DPH-CD 1)
the equilibrium constant is expressed k&g = [DPH—CD]/
[DPH]ICD]. On the other hand, the total fluorescence intensity
F: of a solution containing DPH and CD will be

)

whereF; is the fluorescence intensity when the entire amount
of DPH is free, i.e. at the very beginning of the experiment
before any CD is added, whilg, corresponds to the case when
all DPH is bound to cyclodextrins. The molar fracticmsand

a,, of the free and the CD-bound DPH, are defined by egs 3:

Fo=aF + aF,

a = [DPH]/[DPH],; a, = [DPH—CDJ/[DPH],;
gtap=1(0)

Note that [DPHy, which is the concentration of the initially

V(R — Fy) = I{KCD](Fy, — F} + 1/(F, — F)  (4)

In this equation [CD] stands for the total added cyclodextrin at
any time of the titration. If the complex really has a 1/1
stoichiometry, then according to eq 4, a plot of the experimental
data in the form 1K — F¢) vs 1/[CD] will produce a straight
line, the intercept of which with the F{ — F¢) axis will be
1/(Fp — F¢) and its slope will be X(F, — Fs), whereas the
equilibrium constank; will be equal to the ratio intercept/slope.

If on the other hand, the stoichiometry is 2/1, which is not
unusual in cyclodextrin adduct formatiénthen there will be
two equations, (5) and (6), describing the complexation process,
viz.,

Kl
DPH 4 CD == DPH-CD (5)

K
DPH-CD + CD == CD-DPH-CD (6)

In this case, to obtain simple expressions #rand ay, the
assumption must be made that the concentration of the 2/1
complex is much higher than the concentration of the 1/1

added DPH, is kept constant in all experiments and is equal tocomplex, i.e.[CD/DPH/CD}> [CD/DPH]. The linear equation

4 x 1078 M, while the cyclodextrins are added continuously in
a titrational fashion. Note also that [DRHF [DPH] + [DPH—
CD], where [DPH] and [DPHCD] are the concentrations
appearing in eq 1. Finally, when eq 2 is transformed to its
double-reciprocal counterpart, eq 4 is obtained.

thus obtained is eq 7, wheke= K;K is the overall equilibrium
1(F, — Fy) = L{K[CDJ*(F, — F)} + U(F, — F) (7)

constant, whereas the experimental data must be introduced in
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Figure 3. Experimental values of (a) fluorescence anisotrapyad

(b) total fluorescence intensity={) of 4 x 10°® M DPH complexed
with the indicated CD, in a DMF/water (25/75) solvent. The horizontal
axis shows the total added concentration of CD.
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Figure 4. Plots of the total fluorescence intensiy (tringles); the
fluorescence anisotropy (squares); and the position of the first
maximum of the excitation spectrumy (circles), vs §-CD]. All
experimental data refer to theeCD—DPH nanotubes formed in a
solvent made of 25% DMF and 75% water.

the form 1/F; — F¢) vs 1/[CDFin eq 7. K will be equal to the
ratio intercept/slope, as in eq 4 for the 1/1 complex.
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Figure 5. Double-reciprocal plots for 1/1 and 2/1 reaction modEls.

is the total fluorescence intensity, aRdis the fluorescence intensity

of the free DPH before any CD is added. Linear least squares fits
(filled squares); manual drawing of the curve (open circles).

only when plotted according to the 1/1 model, and not the 2/1
model. On the contrary the data from PNCD form a straight
line only when plotted according to the 2/1 model. The
equilibrium constants estimated from these plots aret69

By plotting the data according to eqgs 4 and 7, the stoichi- M~* for the o-CD, 258+ 10 M~? for the 5-CD, and 7x 10
ometry can be determined, depending on which plot produces= 1 x 10° M~2 for the PMy-CD. In the last case the equi-
a straight line. Such plots are shown in Figure 5 for the librium constant is the overall constant of eqs 6 and 7 cor-

experimental data foo-, -, and PM/-CD. It is quite clear
that in the cases afi- and 3-CD the data form straight lines

responding to the 2/1 model. At this point we should mention
an important difference we have observed between the
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complexation of3-CD with DPH in pure water and in DMF/ 35
water solutions. This difference is that in pure wafe€D
behaves likey-CD and forms nanotub#sin the presence of
DPH, while in DMF/water with complexation leads to simple
1/1 3-CD—DPH adducts. The case of the complexation of the
y-CD with DPH is quite different because this cyclodextrin in
the presence of DPH forms nanotubes, as concluded from the
sharp increase of the fluorescence anisotropy in Figure 3a. Since5
there are many steps in the nanotube formation, the double-n
reciprocal plot approximation cannot be applied in this case. (i
This complex will be discussed below, in terms ofritgalues.
Relative Sizes of the CB-DPH Complexes. If it is assumed
that when DPH forms complexes with the various CDs, its I
fluorescence lifetime does not change from one CD to the other'z ? - . , . , : i .
and that the macroscopic viscosity is the same in all the solutions 0,000 0,005 0,010 0,015 0,020
containing CDs and DPH, then any observed changes in the [v-CD] (M)
fluorescence anisotropycan be attributed to differences inthe  gigure 6. Average number ofy-CD units per nanotube vg-CD
effective volumeV of the CD-DPH complexes. In this way  concentration, calculated from the fluorescence anisotropy data of Figure
the relative sizes of the CBDPH complexes can be ap- 3a (see text).
proximated by means of their correspondingalues. Equation o
8 is derived from the combination of the Perrin and Einstein ' y-CD
equations and on the above mentioned two assumptions.

Moo = r/ry(ro — 1) = Vo/Vy (8)

In this equatiorrg is the maximum value thatcan take for the
particular probe (for DPH and its two derivatives we have found
ro = 0.38 in vitrified solutions of glycerol and EPA), and
andr, are the values of measured in two different systems 1
and 2, wherea¥/; andV; stand for the effective volumes of A ™,
these two systems. However, the ralG/V, can be ap- 0,10+ «-CD T
proximated by the ratio of the molecular weights of the . o
appropriate CB-DPH complexes, viz., MWMW,. Note that 0,05 L T —
the contribution of DPH to the effective volume is not taken ’
into account since it is assumed that this rodlike molecule goes ) )
inside the cavity of the dextrin and it does not contribute Figure 7. Fluorescence anisotropy of GIDPH complexes in pure
considerably to the volume of the complex. ivgtf"rwvs PH. [DPH]= 10" M, [a-CD] = [$-CD] = [y-CD] =

The relationship of eq 8 can be used to compare the maxima
of ther values foro-CD—DPH and PM-CD—DPH obtained produced the graph of Figure 6, which shows the average growth
from Figure 3a. Thus introducing, in the right-hand part of eq of the y-CD—DPH nanotubes vs thg-CD concentration.
8, the numerical values found in this study, vig,= 0.38, Nanotube Formation. The formation of nanotubes seems
re-co-ppH = 0.07, andrpm,-cp-ppr = 0.155, we find that the  to be the result of a very delicate equilibrium among various
right-hand ratio of eq 8 takes up the value 3.05, whereas theforces either favoring or opposing this process. There are
right-hand ratio is the ratio of the molecular weights of M essentially two main contributions that can conceivably affect
CD anda-CD. We know however from the data of the previous the formation of nanotubes in solution, betwee@D and DPH.
section that the complex PMCD—DPH has stoichiometry = One is the H-bonding interactions between the ring OH groups
[DPH]/[PMy-CD] = 2/1, while in thea-CD—DPH the stoi- of different cyclodextrins, and the other is the van der Waals
chiometry is 1/1, therefore the rati/V; of the left-hand side interactions between DPH and the interior of a CD cavity. Some
of eq 8 is 2 x MWppy.co/MWa.cp = 3.36, in very good conclusions are immediately evident; thus the fact that cyclo-
agreement with the number 3.05 obtained from the right-hand dextrins do not form nanotubes in solution unless some DPH
ratio of eq 8, the difference being less than 10%. Furthermore, is present suggests that that van der Waals interactions play an
if r values and molecular weights are compared in a similar important role in nanotube formation. On the other hand, the
way between the-CD—DPH and the/-CD—DPH complexes, importance of H-bonds is shown by the fact that the)P&D
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we find that they-CD—DPH complex must contain 28-CD in which all the hydrogens of the OH groups on both rings of
units at the highest CD concentratior;CD] = 0.01 M. If the v-CD have been replaced by GHhus eliminating the

the same calculation is repeated with respect toRND—DPH, possibility of H-bonding, does not form nanotubes. The delicate
the corresponding number of CD units in teCD—DPH equilibrium between H-bonding and van der Waals interactions

complex turns out to be 31, in excellent agreement with the is also illustrated by the fact that whijeCD forms nanotubes
previous calculation. These good agreements suggest that thén both pure water and DMF/water solution, tReCD forms
aforementioned assumptions about lifetimes and viscosities arenanotubes only in the former solvent. On the other hand,
reasonable. In fact, by measuring the macroscopic viscosity, although DPH favors nanotube formation by bgtrandy-CD,

we have confirmed that this parameter increases by a more 5%when it is replaced by either one of its two derivatives, DPH-
from the pure 75/25 water/DMF solvent to a 2M y-CD—4 N(CHs), or DPH-NG, which are also rodlike molecules and

x 1078 M DPH solution in water/DMF. Extending this  very similar to their parent molecule, nanotubes no longer form
approximate calculation for the entire range of the experimental from the - or from they-CD. Furthermore, we have found
values ofr, obtained from the data of Figure 3a, we have that when the pH of a pure aqueous solution increases beyond
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Figure 8. Proposed approximate structures of the various-OPH complexes studied in the present work.
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ca. 12.2, nanotubes do not form at all. This is shown in Figure
7, where the dependencerofvhich reflects nanotube formation, 13
on the pH is graphically presented. This finding is in very good e e B
agreement with the potentiometrically determined acid dissocia-
tion constant g, = 12.1, for the secondary hydroxyl groups
of y-CD.*® The experiments at high pH values were conducted
only in pure aqueous solutions because DMF decomposes wherky | * Y Y
the alkalinity of the medium is raised. = PRE

On the basis of the above results, and additional ones to be  1,1: ‘A"'
described shortly, it is possible to draw approximate schemes ’
depicting the complex and nanotube formation between the CDs
and DPH. These proposed schemes are shown in Figure 8.
Examining the excitation spectra of the EDPH complexes
in Figure 2D, it is seen that for the casesosfand 5-CD the .
spectra are very nearly the same. This is in agreement with 0,000 0,005 0.010 0,015 0,020 0,025
the proposed structure for the €IDPH complexes of these [
two cyclodextrins as shown in Figure 8. According to this Eigyre 9. Fluorescence quenching by I- of DPH®I (circles); of
structure, in both cases the DPH is similarly exposed to the 4-CD—DPH/H,0 (triangles); and-CD—DPH/H,0 (squares).
solvent and therefore it is expected to give the very similar
excitation spectra shown in Figure 8. The excitation spectra therefore undergoes shift of its excitation similar to the shift of
of the PMy-CD—DPH and they-CD—DPH complexes, onthe  the other complexes. Finally, quenching of the fluorescence
other hand, are different from the spectra of the complexes of of DPH in a-CD and y-CD, in pure water by iodine ions,
the two other cyclodextrins. This is also in agreement with the fgllowed the curves shown in Figure 9. The DPH}/HCD was
corresponding structures of the complexes shown in Figure 8. adequately protected by the nanotubes from the solvent and the
Indeed, the exposure of DPH to the solvent is differentin/’"M  quencher ions, and therefore the latter could not reach it and
CD andy-CD than in thex- and-CD due to the dimers formed  quench its emission. In the-CD the DPH, being exposed to

by PMy-CD—DPH and the nanotubes formed pyCD, which the solvent, was easily approached by the I- and quenched.
protect differently DPH from the surrounding solvent. Further

evidence that the structures of Figure 8 are correct, at least in\, cgonclusions

principle, is provided by the fact that the excitation spectrum

of DPH iny-CD, after the pH has been increased above 12 and The main conclusions of this study are the following. (i) In
the nanotubes have been broken, is blue shifted to where thea mixture of DMF with water, 25/75 by volume-, 5-, and
spectra of the other CBDPH complexes appear. This behavior PMy-CD form complexes with DPH, having stoichiometries
is rationalized by the fact that when the nanotubes break, the1/1, 1/1, and 2/1, and overall equilibrium constantst69 M1,
DPH in y-CD is no longer protected from the solvent and 258+ 10 M~tand 7x 10* + 1 x 10 M2, respectively. (ii)
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Complexation of DPH withy-CD produces nanotubes in the
DMF/water mixed solvent, as well as in pure water. These
nanotubes are made of ca. B&D units. (iii) 5-CD does not
form nanotubes in the mixed solvent, but it does in pure water
(iv) If the hydrogens of all OH groups ip-CD are replaced by
CHjs groups, nanotubes no longer form, either in water or in
the mixed solvent. (v) At pH> 12, where H-bonding is
ineffective, the nanotubes @fCD in water break down. (vi)
When DPH is replaced by either one of its derivatives, DPH-
N(CHjs), or DPH-NQ, nanotubes no longer form from either
y-CD or 5-CD, in either water or DMF/water solvent.
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