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Size Effect ofa,m-Diphenylpolyenes on the Formation of Nanotubes withy-Cyclodextrin
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We have studied the size effect of the homologues oftlaediphenylpolyenes series, with two, three and

four double bonds, on the formation of nanotubes withyclodextrin. The data show that only the two
longest polyenes facilitate the formation of tubular structures when mixed witky-thyelodextrin in the
appropriate solvent, while the average length of these nanotubes increases with increasing size of the
diphenylpolyenes. Using computer simulations, we have examined the processes by which nanotubes form,
and from computer fits we have determined the various binding constants, some with extremely large values,
involved in the formation of these supramolecular structures.

I. Introduction computer fits and simulations to obtained values for the relevant

. . . kinetic parameters.
Cyclodextrins, and in particular the so-called g, and y

homologues, have attracted considerable attention during the
past decadé. In a recent publicatich we discussed the
formation of long, rodlike structures betweenw-diphenyl- y-Cyclodextrin {CD) was purchased from Cyclolab. The
hexatriene (DPH) ang-cyclodextrin {CD) (see structures in  Ph—(CH=CH—),—Ph diphenylpolyenes with= 2 (DPB) and
Scheme 1). These so-called nanotdbemtain up to ca. 30  n= 4 (DPO) were obtained from Aldrich and the one with-
cyclodextrin units interconnected by means of DPH molecules. 3 (DPH) from Fluka. All chemicals were of the highest purity

In these structures theCD units are understoéd to be lined available, and therefore, they were used without further purifica-
up along their cylindrical axis so that H-bonding interactions tion. Absorption spectra were recorded on a Perkin-Elmer
between the rim OH groups of neighborip@Ds are favored. Lambda-16 spectrophotometer, whereas for fluorescence, excita-
The DPH molecules, on the other hand, penetrate the cavitiestion, and fluorescence anisotropy measurements, we used the
of two neighboringyCDs, thus stabilizing, by van der Waals LS-50B Perkin-Elmer fluorometer. Fluorescence lifetimgs (
interactions the superstructure. The crucial contribution of both were determined using the time-correlated single-photon counter
yCD—yCD and DPH-yCD interactions to the formation of ~ FL900 of Edinburgh Instruments, which is capable of measuring
nanotubes is demonstrated not only by the fact that these tubedifetimes to 0.08 ns. The determinations of fluorescence
do not form in the absence of DPH but also by the observation quantum yields®), and anisotropies (r), have been described
that when the rim hydroxyls ofCD are replaced by the non- elsewheré? It should be mentioned here that the excitation
H-bonded OCH groups, or when the pH of the solvent is high wavelengths for the measurements _of thg qut_)rescer_me quantum
enough to render H-bonding ineffective, nanotubes do not form Yields were chosen to be at isosbestic points, i.e., points at which
any more? The rodlike structure of these DPFED aggregates the _a_bsorptlon coefﬁment_of the.pollyene did not change upon
has been established by several other physicochemical meth@ddition ofyCD. Such points exist in all three polyengCD
ods23 including light scattering and scanning tunneling mi- SyStems: DPB—yCD at 331 nm, DPHyCD at 362 nm, and

croscopy? Note that other rodlike structures involving cyclo- DPO~yCD at 381 nm. The maximum possiblevalues for
dextrins include catenanésiotaxanes;s polyrotaxaned the three diphenylpolyenes, measured in vitrified solutions and

nanotubular stucturés$ threaded cyclodextrirfsgetc. polymer films, arer, = 0.38-0.39:271% All three Ph-

- CH=CH—),—Ph are totally insoluble in pure water. For this
The objective of the present work was to study the effect of ( Jn y b

the lenath of th dinhenviool ith th P | reason we have used as solvent a mixture of water/ethylene
e length ot thex,»-dIphenyipolyenes, wi € generalformuia glycol, 60/40 by volume, in which these molecules were found

Ph_(CH=CH_)_”_Ph' on nanotube _formation. For this purpose  4,"torm proper solutions with the following solubilities: DPB,
we have examined the complexation of three such molecules,; 3. 106 M: DPH. 8 x 108 M: DPO 4 x 108 M. Note

viz., n = 2—4, with yCD in & 60/40 v/v water/glycol solvent. o+ \ye have found nanotube formation to take place between
Note that in this type of study diphenylpolyenes play a double 5.y three polyenes andCD in pure water, but we will not
role; one is that of a “shaft” that enhances the binding of two g|ahorate on that. All computer fits and simulations were

neighboringyCD units, and the other is that of a fluorescent performed using the program “MicroMath Scientist for Win-
probe, which probes nanotube formation by the magnitude of gows”, version 2.01, of MicroMath Inc.

its fluorescence anisotropy. Another main point of focus of
this work was to extract numerical values for the equilibrium
constants involved in the formation of these elongated super-
structures, since so far the few publications on this subfect Some relevant spectroscopic data concerning the three
deal exclusively with the qualitative aspects of nanotube polyenes of the present study are listed in Table 1. Although
formation. To this end, we have made extensive use of these molecules are consecutive homologues of the series Ph

Il. Experimental Section

lll. Results and Discussion
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TABLE 1: Fluorescence Parameters, Lifetime £), Quantum Yield (®), and Anisotropy Polarization (r) of DPB, DPH, and DPO
in Various Solvents

DPB DPH DPO

solvent Np € n 7 (ns) [} r 7 (ns) [} r T () r
hexane 1.372 1.88 0.313  0.467 0.350 0.020 15.9 0.630 6.20 0.044 b
dodecane 1.400 2.00 1.508 0.668 0.490 0.030 13.2 0.660 6.43 0.052 b
ethanol 1.359 24.3 1.078 0.060 0.042 0.167 4.8 0.230 b 6.56 0.059 b
ethylene glycol 1.429 3866 21 0.187 0.065 0.323 2.58 0.210 0.110 7.07 0.086 0.088
benzene 1.498 2.28 0.603  0.327 0.275 0.040 7.0 0.760 6.81 0.089 b
chloroform 1.444 4.64 0.542 0.156 0.069 0.110 6.2 0.57® 6.73 0.085 b

60/40 w/ethylene glycol ~ 1.375  68.40 3.00 0.08 0.011 0.295 0.355 0.031 0.152 5.0 0.038 0.045
aTaken from ref 19°r values of DPH and DPO were below 0.01 because of their long fluorescence lifetimes.

SCHEME 1: Dimensions of a,@-Diphenylpolyenes and DPP-L yCD-Li (DPP)-(yCD)

K
(DPP)-(yCD) + (DPP)-(yCD) = (DPP),—(yCD),
Kss
(DPP)—(yCD), + (DPP)-(yCD) = (DPP)—(yCD);
Kij
(DPP)_;—(yCD)_; + (DPP)-(yCD) =
(DPP)—(yCD), (1)
On the basis of previous theoretitand experimentéf studies
of chain-association equilibria, we have further assumed that
the equilibrium constarK;; for all reactions with > 1 is equal
toK;i.e., itis independent af ThereforeKz, = Kz = ... Kj
=K.

It is also conceivable that in addition to eq 1 more reactions
of the types described by the equations in (2)

(DPP)-(yCD) + yCD it (DPP)-(yCD),

(DPP),—(yCD), + yCD=2 (DPP)—(yCD);  (2)

and eq 3

(DPP)Y-(yCD) + DPPg (DPP)—(yCD) 3

can also take place. Therefore, we have included them too in
our computer simulations. The concentration of DPP in these
simulations was taken to be equal to«510-8 M in accordance
with our water solubility data for the three diphenylpolyenes
used here. We should also mention that in our simulations the
number of consequent associations in the equations of (1) has
been restricted to6 = 10 because beyond that number our
computer program breaks down. Therefore, the longest complex
yCD in these simulations will be the (DPRBY-(yCD)1o. We have
set as our criterion for nanotube formation that the magnitudes
. of the molar fractiond;, of the longest complexes (DRP)
(CH=CH—)»—Ph withn = 2,3,4, they demonstrate, neverthe- ,,cpy are large compared with the magnitudesaéindf; of
less, some important _dlfferenceg in the_|r fluorescgnc_e param-ihe short complexes (DPPYyCD) and (DPP)-(yCD),. Fur-
eters, viz., quantum yieldsk), anisotropiesr(, and lifetimes  {hermore, to avoid congestion of our figures we have included
(v), as shown in Table 1. Thus, althougland® of DPB and in Figures 1 and 2 only theyCD] dependence of the molar
DPH depend on the solvgnt,_ln DPO they are nearly independents actions 4, foo, f10,10 Obtained from simulations according to
ofit. Also, the very low lifetimes of DPB in all solvents make ihe equations of (1) (Figure lalh, fo3 fi010 Obtained from
the fluorescence anisotropy of this molecule approximately simylations according to the combined equations of (1) and (2)
constant in all media. (Figure 1b), and,; andfig 1ofrom simulations according to the
Nanotube Formation. The general assumption we have combined equations of (1) and (3) (Figure 2). Note finally that
made concerning nanotube formation is that it proceeds as ain our notation the first subscript in fj, Kj, etc, corresponds
self-association reaction of the initially formed (DPHyCD) to DPP while the second subscrjpb y-CD. In all computer
unit. The steps therefore that lead to the formation of a nanotubesimulations that follow, the value of the equilibrium constant
are described by the following equations (1): K1 was always set equal to 100 ¥ adopted as an ap-
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Figure 1. Computer simulations of the molar fractiofy)(vs cyclo- Ei ; ; ;

. . . At gure 2. Computer simulations of the molar fractiof))(vs cyclo-
dextrin concentration ¢[CD]). (a) Accordm_g to (1) for solid linekKi; dextrin concentration {{CD]) according to (1) and (3): fﬂ(a{m =100
=100 M1, K=5 x 108.M_1; for dotted ||ne.SK11 =100 M1, K = M1 Ky=10FM"1K=5x 106 ML (b) Ki = 100 ML, Ky = 10°
5x 10 ML (b) According to (1) and (2) wittk,;; = 100 M, K= Mfl’ K=5x 18 M—l. (€) Ky = 106 M2, Ky = 10 |v‘|71 K=5

5 x 1 M™%, K12 = K3 = 1000 ML, All simulations were performed

. X 108 M~ All simulati fi d fa to 10 b
for i up to 10 because beyond that point the program broke down. x simurations were periormed farup o ecause

beyond that point the program broke down.

proximately mean value between published #aaad our solvent employed here, ca. & 108 M, which requires
unpublished results on the complexation of DPH with and unreasonably large values of the equilibrium consténtin
and g-cyclodextrins in the same medium, viz., 60/40 water/ order for this reaction to assume a detectable role in the overall

ethylene glycol. nanotube formation. Note that the effect of (3) is demonstrated
In Figure la the solid lines correspond to the fp, and in the case of the fluorescence quantum yield of the BPB

fi0.100btained according to (1) and for binding constatis= yCD system (see Figure 4). We conclude therefore that
100 Mt andK =5 x 10® M~L. These plots show that under nanotube formation is adequately described by the self-associa-
these conditions nanotubes form, since above a sp@D tion process of (1) whereas when (2) occurs, nanotubes do not
concentration, ca. I3 M, fi 10 Stays larger tharfy; and foo. form. Finally, processes of the type in (3) do not have any
The dotted lines in Figure 1a, on the other hand, correspond toeffect on nanotube formation unless they are assigned an
the same model of (1) witky; = 100 M~1 but withK = 5 x unreasonably large equilibrium constant, vigz; > 10° M1,

10’ M~1. These plots show that nanotubes do not form when All the findings of these simulations are confirmed by the
K assumes some value lower than approximatehM@', since experimental data discussed in the rest of this article. It should
in this case the magnitude &b 10is much smaller than those also be mentioned here that similar equations describing chain
of f;; andfy. The plots of Figure 1b correspond to the indicated association equilibria in other systems have been reported
molar fractions obtained from the combination of (1) and (2) before!®

with equilibrium constant;; = 100 M1, Ky, = Kp3 = 1000 Figure 3 shows the variation of the fluorescence quantum
M~1 andK =5 x 1 M~L It is quite clear from these plots  yield ® and anisotropy as the concentration of addedD

that when the side reactions of (2) are included in the increases while keeping constant the concentration of the
simulations, the molar fraction of the long structuigaq which diphenylpolyenes, viz., [DPBE 1.3 x 1075 M, [DPH] = 7 x
accounts for the nanotubes, undergoes a dramatic decrease, whil&0—8 M, [DPO] = 4 x 1078 M. It becomes evident from these

the molar fractionsf;, and f,3, of the (DPP)—(yCD), and plots that each one of the homologues behaves differently from
(DPP)—(yCD)s; complexes, which terminate nanotube forma- the others. Thus, in the case of DPBCD the quantum yield
tion, rise sharply. Therefore, nanotubes do not form. starts from a very low valugp = 0.011, and then rises, slowly

We have also considered the combination of (1) with (3) as at the beginning and then more quickly, until it reaches the value
shown in the plots of Figure 2, but we found that the effect of of ca. 0.35 at about % 1072M of addedyCD. In DPH, ®
this type of interaction is rather unimportant in these systems, starts again from a low value of about 0.031 but then rises
as indicated by the low molar fractidgy compared witfip 10 quickly to ca.® = 0.56 at pCD] = 1.2 x 1072 M where it
for K»; values even as high as®®l~1. This is understood in levels off. Finally, in a totally different fashion from the other
terms of the aforementioned very low solubility of DPP in the two polyenes, DPO exhibits low fluorescence quantum yield,
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TABLE 2: Fluorescence Parameters of DPB, DPH, DPO in

La a o o 2 x 102 M yCD (60/40 v/v Water/Ethylene Glycol) and
os L o Average Number [jllof yCD Units per Nanotube?
% - r  f(mole e jV (cm¥
EM diphenylpolyenes @ (ns) fraction) r (ns) mol) go
4 - o
E o DPB1.3x 10¢M 0.57 0.75 34 2780
g o 0.35 0.32 3.5
30-3 r o °© 1.4 025 5 8.2 6705
g +° o DPH8x 108M 6.1 0.8 55 44900
20 L ° 0.56 0.34 37
e [u] o]
E o 3.5 0.2 2 32 26165
=T ° DPO4x 108M 327 04 43 35160
o1 @ o ° 0.05 0.35 50
Ei s o SN A N 6.4 0.6 3 84 68690
00 2 ' . — L ' t aMolecular volume ofyCD, V = 1095 cn¥/mol®. (0= Gy +
° GolE.
o A AN
o0o @ B &} B o ) ) )
~ 482" o o o © © © concluded that units of yCD arranged in nanotube formation
= . EAA can easily accommodate an equal number of DPB molecules.
g L It is therefore conceivable, in principle, to have in solution all
A the possible combinations (DRBYyCD); with i = j = 1—4.
g 02 g However, we were able to obtain good fits to tevs [yCD]
2 | curve (see Figure 4a) by taking into account only the species
°§’ i participating in the reaction of (6):
= 0l -
\ K11 K22
DPB +yCD ~—— (DPB)-(yCD)+(DPB)-(yCD) —— (DPB),-(yCD),
Y + s
0.0 | | | I 1 1 i DPB
0.00 0.01 0.02 0.03 0.04 0.05 1 (DPB)-(yCD)
[+CD] (M) K21 1 L
. i . Kaa
Figure 3. (a) Fluorescence quantum yieldb) vs [yCD]; (b) (DPB)-(/CD)

fluorescence anisotropy (r) vg€D]. Solvent is 60/40 water/ethylene
glycol v/v with (O) DPB, (d) DPH, and &) DPO.

ca. 0.045, in the entire range of addedD, (0-5) x 1072 M.
Ther values also demonstrate different behavior. Thus, while
in DPH and DPO the rise afwith increasing $CD] is initially
extremely sharp and soon levels off, in the case of DPB all
values are equal to ca. 0:30.33 for the entire range of CD].
Owing to these large differences in behavior among the three
different polyene-yCD complexes, it is best to discuss them
separately.

DPB—yCD. For DPB in 60/40 water/glycol solvent and a
concentration of addegCD equal to 2x 1072 M, we have
measured two different lifetimes, one equal to 0.2 ns and the
other equal to 1.2 ns, the former corresponding to 75% of the
DPB molecules and the latter to 25%. From these numbers

(DPB)5-(YCD)5
+
yCD

HK34

(DPB)-(yCD) (6)

Attempts to include any other of the possible (DPR)YCD);
complexes did not give acceptable fits.
Corresponding to (6) is (7) in whicp is

o= ffq)f + flch)ll + fZl(I)Zl + fZZCDZZ + f33(I)33 + f34(I)34
()

fy = i[(DPB), — (yCD)J/[DPB]; (7a)

and the Perrin equation, (4), we have calculated the rotational
correlation times corresponding to the two species, using
= 0.325 (see Table 2) and = 0.3912

(4)

Introducing then these; values in the Einstein equation, (5),
wherey is

r=rj(1+ )

7. = njVI(RT) ®)

the viscosity of the mediunR the gas constanT, the absolute
temperatureY the molecular volume of theCD, known from
X-ray crystallography/ we have determinej] the number of
theyCD units comprising each nanotube. In this way we have
estimated the size of the DPB/CD complex to be equal to an
average of 3.5 CD units per complex (see Table 2), a structure
that by no means can be considered a nanotube. On the othg
hand, from the dimensions of the&CD cavity and the polyene
molecules (see Scheme 1) and also from previous stédiés,

the total fluorescence quantum yield at any moment during the
titration procedure (addition gfCD). ®; andf; represent the
guantum yield and the molar fraction of the various (DPB)
(yCD); adducts, respectively, and [DPB¥ 1.3 x 1076 M is

the total concentration of DPB®; = 0.011 stands for the
guantum vyield of the free (uncomplexed) DPB before any
addition ofyCD, as measured in the mixed solvent (see Table
1), andf; is the molar fraction of the free DPB that remains
uncomplexed at any moment during the titration. The connec-
tion between the concentration of the various (DP#)CD);
species of (6) and the corresponding binding const&pte/hich

are the parameters to be determined, is given by the set of
equations in (8):

[DPB—yCD] = K,4[DPB][yCD]

[(DPB)Z—)/CD] = K,,[DPB—yCD][DPB] =
K21K11[DPB]2[VCD]



pistolis
Highlight

pistolis
Highlight

pistolis
Rectangle

pistolis
Highlight

pistolis
Underline

pistolis
Underline

pistolis
Highlight

pistolis
Line


Formation of Nanotubes

0.5 0.4

|
|

o
S
Fluorescence Anisotropy (r)

Fluorescence Quantum Yield (@)
o

0.0

08

©,=0.011
G,
: 06 - ®,,=0.032
-] ©,,=0.55
34

g
=
8 04
]
=

02

(D“:O.*ll ,,=0.35 ®,,~035
: Al o
0.0 . L
0.00 0.01 0.02 0.03 0.04 0.05
[vCD] (M)

Figure 4. (a) Computer fits of (7) to th& vs [yCD] experimental
data @) and of (10) to the vs [yCD] experimental dataX) for DPB.

(b) Plot of the molar fractions of the species involved in the fits of (a)

vs [yCD]. For fitting parameters see Table 3.
[(DPB),~(yCD),] = K, DPB—yCDJ* =
K22K112[DPB]2[VCD]
[(DPB);—(yCD),] = K44 (DPB),—(yCD),l[DPB—yCD] =
KoKy, IDPBITyCDJ®

[(DPB);—(yCD),] = K4,[(DPB);—(yCD),][yCD] =
K34K33K22K113[DP5]3[7/0D]4 8)

J. Phys. Chem. B, Vol. 102, No. 7, 1998099

TABLE 3: Binding Constants and Quantum Yields of the
Various Complexes Formed between Diphenylpolyenes and
yCD in 60/40 v/v Water/Ethylene Glycol

binding extracted goodness
constants guantum from of the fit
complex Kij (M™Y) yields @j; fits of R
DPB—yCD Kpi=11 $,;,=0.11 & vs[yCD]
Ko =1.7 x 107 by = 0.03 and vs 0.9993
K22 =2.6x 105 (Dzz =0.35 [j/CD]
K33 =1.0x l@ @33 =0.35 0.9997
K34 =58x 1@ (D34 =0.55
DPH—}/CD Ky = TR b = 0.08 ®vs [’)/CD]
Ku=5x 10 @»=0.46 0.999
K=4x 10 ®=0.75
DPO-yCD K;1=313 b rvs [yCD] c
K=4.2x 1C®

aValues introduced in the program from the literature (see text).
b Quantum yields do not appear in the fitting equation in this case (see
text). ¢ Data from simulation.

equal to the known analytical cyclodextrin concentration that
has been added until then. The final fitting equation is not
shown here because it forms an extremely long algebraic
expression,_while on the other hand, its derivation simply
amounts to the above-mentioned straightforward substitutions.
Note that similar procedures to express the corresponding fitting
equations in terms of the known and of the desired parameters
have been also used in the cases of DPH and DPO, and they
will not be repeated here. In any case, there are 10 parameters
in the modified (but not shown) fitting equation, viz., the binding
constant; and the quantum yield®; of the five different

(DPB)—(yCD); species of (6). Of those 10 parameters dply|
and ®; of the free DPB are known (see Table 1). We haye
further reduced the number of the free-running paramefers by
1, assuming thatd,, = d33. The justification for/this
simplification is that in both species, the (DRBB)yC
the (DPB}—(yCD)s, the DPB molecules are equally protectgd
from the environment, and therefore, they are expected to have
similar quantum yields. The fitting gave the binding constants
Kj for each complex (DPB}(yCD), along with the corre-
sponding fluorescence quantum yields, listed in Table 3,
and also, through (7a), the dependence of the various molar

fractionsfi on [yCD], as shown in Figure 4b.

At this point we may return to thevs [yCD] plot of Figure
3b, and using the information obtained from the fitting of the

If the concentrations of the various species, from the above quantum yields, viz., the complexes (DPB(yCD); formed and

equations of (8), are introduced in (7a) the molar fractifjns
can be expressed in termskyf, [DPB], and [yCD]. In addition,

their molar fractiondj, we can try to fit the same model of (6)
to ther vs [yCD] data. The fitting equation in this case is (10)

the unknown [DPB], i.e., the concentration of the free DPB at Wherer is the total measured anisotropy at
any instant during the titration, can also be expressed as a

function of K and [yCD]. This is accomplished by replacing

el T P o PP Sl PYI Pl P! PP pll P e ol B SV €L 0)

in (9) which expresses the balance of mass for DPB, the vafious

[(DPB)—(yCD)] terms from (8):

[DPB]; = [DPB] + [DPB—yCD] + 2[(DPB),—yCD] +
2[(DPB),—(yCD),] + 3[(DPB);—(yCD),] +
3[(DPB)—(yCD)4 (9)

Eventually the (7) assumes its final form in which the
experimental parametdp is expressed in terms of the desired
parameters;, ®;, and the known quantitieyCD], [DPB]y,

D, Dy, fr, where [yCD] stands for the concentration of the free
(uncomplexed) cyclodextrin after each additiony@fD during

the titration. _Note, however, that since throughout the titration

we have used exces&CD relative to polyenes, viz.yCD]/
[DPP] > 1% we can assume that at each momer@€D] is

any moment during the titratiort; andl;; refer to the fraction

of the total fluorescence intensity due to the free molecule and
each one of the (DPBy}(yCD); complexes respectivelf,ri =
0.295 is the anisotropy of DPB in the mixed solvent before the
addition of anyyCD (see Table 1), ang; is the anisotropy of
the (DPB)—(yCD); adduct. Note that; is expressible in terms
of (4) and (5), since;; = nrjV/(njV + RT) where all factors
are known. When the intensity fractions are expressdg as

fij @i/ = fij¢pij, whereg; = &;/P represents the ratio of the
quantum yield of the particular (DPB)(yCD); species to the
total quantum yieldD, (10) becomes (11):

F=firs + Frad1ar 10+ Fo10210 00 + Fop0 05 + fagaglas +
f3uPaal3q (11)
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Figure 5. Plots of the relative percentages of the various species found
in the DPH and/CD solution in 60/40 water/ethylene glycol ys3D].
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In the case ofd vs [yCD] the overall fitting equation is

37
® =@+ ) fiy

(12)

wherefj is given by (7a). The derivation from (12) of the final
fitting equation, which is expressed in terms of the known and
the unknown parameters, is the same as the derivation for the
case of the DPByCD complex, which was described in terms
of (7—9), and therefore, it need not be repeated again. The
situation with the fittings here is equally complicated as in the
r vs [yCD] case, since there are approximately 37 steps in the
nanotube formation, with a different binding constiitand a
different fluorescence quantum yie®}; corresponding to each
step. It is possible, however, by making some reasonable
simplifications to obtain estimates for the magnitudes of the

The species were distinguished by their fluorescence lifetimes, indicated binding constants involved in this DPH/CD nanotube forma-

in the plots.

Using the variations of the molar fractions shown in Figure
3b, introducingr = 0.08 ns for the free DPB (see Table 1),
and allowing two more free-running lifetimes, viz., a long ope
for the (DPB}—(yCD)s complex and a short one for th
(DPB)—(yCD) and (DPB)—(yCD) complexes, we have ob-
tained for the r vsfCD] curve the fit shown in Figure 4a, wit
a very satisfactory criterion for its goodness of fit (the parame
for the goodness of the fits are given in Table 3). The val
obtained for the two free-running lifetimes were= 0.23 and
0.9 ns, which are very close to the ones obtained from
independent fluorescence-decay measurements mentioned
(r = 0.2 ns, 75%;y = 1.2 ns, 25%)._Of these two lifetimes,
we have assigned the short one to those species that hay
DPB more exposed to the solvent, viz. (DPByCD) and
(DPBY—(vCD). The longer lifetime we have attributed to tf
species in which the DPB penetrates the dextrin cavities, al
is therefore protected from the solvent. This is the (DfB
(yCD)4 complex. The above assignments were based on

ers
ues

the

observation that DPB has a much longer lifetime in hexane than
in methanol (Table 1) and that although the solvent water/glycol
resembles methanol, the interior of the dextrin cavities is
expected to be less polar.

DPH-yCD. The complex formation between DPH ap@D
in 60/40 water/glycol leads to a rapid increase of bdtlndr
with increasingyCD concentration in the fashion shown in
Figure 3. The analysis of the fluorescence decay at various
addedyCD concentrations gave three different lifetimes. The
shortest oner = 0.36 ns, corresponds to the free DPH (see
Table 1), while the otherg,= 3.5 ns andr = 6.1 ns, we have
assigned to complexes in which the exposure of the DPH to

the medium is decreased because of its enclosure in the

nanotubes formed by the cyclodextrin cavities. As shown in
Figure 5, the fraction of the free DPH, with= 0.36 ns, sharply
declines with increasingy[CD], the population of the species
with 7 = 3.5 ns rises and then decreases, while the concentratio
of the third species withr = 6.1 ns, which presumably
corresponds to the nanotubes, increases continuously. Th
average length of the DPH/CD structures formed atyCD]

= 2 x 1072 M, calculated from (4) and (5) and the data of
Table 2, was found to correspondib= 37 cyclodextrin units,
which is a genuine nanotube superstructure. Computer fitting
of a model, consistent with the above results, torthie [yCD]

data for DPH shown in Figure 3b is not feasible because of the

very large size of these nanotubes and the fact that as the length

of the tube increases, with increasingCD], its rotational
correlation timer. increases too.

abO\ﬁa

e th

the

tion. Thus, we first take into account the fact that nanotube
formation proceeds in the self-association fashion of (1) and
that fori > 2 all the binding constants; are equal t&k. We
have also assumed that foe 2 all the fluorescence quantum
yields are also equal, i.e®; = ®. For the reaction of the first
step we have taken the equilibrium constiat equal to that
known from the similar complex (DPH)YaCD), whereK;; =

70 M~111 whereas the value ab;; for the quantum yield of
the 1:1 complex, was set equal to the known quantum yield of
the DPH-SCD complex, viz.,®;1 = 0.08. The fits obtained

in this way, however, were not very good. For this reason we
introduced two more parameters, the binding conskant as
ee-running, and the corresponding quantum yiejdto which

we assigned the value 0.45 known from the similarly structured
Somplex (DPH)—(aCD),.11 The new fitting was acceptable
and the parameters obtained very reasonable, Kijz.= 5 x

13 it108, K=4x 18 M~1and® = 0.75. The fact thak,, turned

out to be of the same order of magnitudekagonfirms that
the assumption made in discussing (1) namely, that all binding
constantsK; for i = 2 are set approximately equal ¥ is
correct. On the other hand the value 0.75 found for the quantum
yield @ is the same as the quantum yield of DPH in benzene.
This is very reasonable, since, from absorption and fluorescence
spectra, we have fouktthat the environment in the interior of
the nanotubes resembles very much that of pure benzene.
Finally, it is worth mentioning that our attempts to make the
above fittingdil= [I°= 37 caused a breakdown of the program.
For this reason we made several fits, one example of which is
shown in Figure 6, increasing the number of steps from three
up to the point where the program starts breaking down. We
found that the program can work up to 18 steps and that for
steps more than 6, the parameters extracted turn out to have
the same values. All the parameters obtained from these fittings
are listed in Table 3.

DPO-yCD. Obviously, there is little information provided
by the flat® vs [yCD] plot for the case of DP©yCD in Figure

"3a. In fact, there is no evidence even that complexation between

this polyene ang/CD takes place. It is only because of the

&s [yCD] plot of Figure 3b that we know of the complex

formation between DPO angtCD. Here, we have again
adopted the self-association scheme of (1) and following the
same derivation as for (11), we have obtained (13) as the fitting
equation for the fluorescence anisotrapys [yCD] of DPO—
yCD nanotubes.

50
r=fae + ) fiditi

(13)
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Figure 6. Computer fit of (12) to the fluorescence quantum yield data
of DPH vs [yCD]. Solvent is 60/40 water/ethylene glycol. For fitting
parameters see Table 3.
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Figure 7. Computer fit of (14) to the fluorescence anisotropy¥SD]
data. The fitting was performed with= 30, but the calculations broke
down as shown. The inset shows the details of the fit at very low
[yCD].

All the parameters in (13) have the same meaning as thoseformation. Thus, DPB, the shortest homologue, does not induce

in (11) viz., r is the fluorescence anisotropy of the complex
(DPO)—(yCD);, ¢y = @;i/®P is the ratio of the fluorescence
quantum yield®; of the species (DP@}(yCD); to the total

formation of long tubes, DPH facilitates the formation of tubes
consisting of up to ca. 3yCD units, whereas DPO produces
the largest structures with ca. 50 cyclodextrin units. (2)

guantum yield®, andf; and¢; refer to the free DPO molecule.
Moreover, since the quantum yield of DPO is independent o
complex formation withyCD (compare the flatb vs [yCD]
curve for DPO in Figure 3a); and ¢ can be set equal to
unity. Therefore, (13) takes the form of (14), which is a
simplified expression of the fitting equation. This was further
manipulated, in the same way as for{{11), to produce the

Nanotube formation betweerCD anda,w-diphenylpolyenes
proceeds as a self-associative chain reaction, each step of Wwhich
consists of the attachment of one DPED unit to the growing
nanotube. (3) The binding constaki; of the very first step,
viz., the formation of the DPPyCD unit, increases from c4d.
10 to 300 M1 as the length of the polyene increases from
2ton=4. (4) The binding constants for the rest of the

final fitting equation (not shown) in terms of known parameters
and the unknown binding constants.

30

r="fire+ ) fir; (14)

From the fluorescence lifetimes of (DPOS}yCD); during

interactions turn out to be independent of the length of the
polyene (at least fon = 3 andn = 4), and to be consistently
above ca. Ix 108 M~1, while for lowerK values nanotubes do
not form. (5) Attachment of one dextrin molecule to the
(DPP)—(yCD); growing complex has detrimental effects on
nanotube formation, whereas attachment of one DPP to the chain
of the growing nanotube does not seem to have any effect.

the titration, we have calculated, by means of (4) and (5), the References and Notes

contribution to the overall value of of the fluorescence
anisotropyr;; of each one of the (DP@)(yCD); adducts, fori

= 1-30. The values afdid not extend to 50, the mean number
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ca. 30 the program was consistently breaking down. Figure 719
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involve the fluorescence quantum yields, since e were
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IV. Conclusions
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