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The study of cyclodextrin nanotubes is a significant topic among the self-assembly behaviors of cyclodextrins. We report
herein the interaction of 2,5-bis(5'-fert-butyl-2-benzoxazoyl)thiophene (BBOT) with a-, -, y-cyclodextrins (CDs). It has been
discovered that the reaction patterns of BBOT with CDs are remarkably different. a-CD forms a simple inclusion complex
with BBOT in a stoichiometry of 1:2 (guest:host). B-CD forms a 1:1 inclusion complex with BBOT at its low concentration. At
higher concentration of BBOT, the nanotube and secondary assembly of 3-CD are formed. As for y-CD, the nanotube and
secondary assembly are formed within the whole concentration range of BBOT studied. The structure of y-CD nanotubes is

different from that of B-CD nanotubes to a certain extent.

BBOT, cyclodextrin, nanotube, secondary assembly

1 Introduction

Cyclodextrins (CDs) are a family of cyclic oligosaccharides
composed of a-(1,4) linked glucopyranose units. In this
family, a-, B- and y-CD are the most common cycloamy-
loses, which have six, seven, and eight glucose units, re-
spectively. With special structures of the hydrophobic inner
cavity and hydrophilic outer surface, CD is one of the most
significant host molecules in supramolecular chemistry. A
large number of novel, ordered supramolecular materials
[1-3] as well as rotaxane [4], polyrotaxane [5], catenane [6],
molecular necklaces [7] and other supramolecular assem-
blies have been constructed. Among all of these, the study
of CD nanotubes has attracted great attention [8§—10].
Common CD nanotubes are assemblies, where two adja-
cent CDs are associated by non-covalent bonds. “Janus”
CDs, which exhibit charge localization of opposite signs at

*Corresponding author (email: xshen@pku.edn.cn.)

© Science China Press and Springer-Verlag Berlin Heidelberg 2010

two rims, can build up nanotubes, dimers and trimers in
aqueous solutions [11]. Through potential-controlled ad-
sorption technology, Ohira et al. constructed nanotube
structures of a-, B-, and y-CDs onto Au (III) surfaces [12].
Cyclodextrin nanotubes can also be induced by organic
molecules. Agbaria et al. discovered that the 2,5-diphey-
loxazole (PPO) molecule could lead to the formation of a
coaxial array of y-CD beads in aqueous solutions [13]. Later,
they found 2,5-diphenyl 1,3,4-oxadiazole (PPD), 2-phenyl-5-
(4-diphenyl)1,3,4-oxadiazole (PBD) and 2,5-(4,4'-diphenyl)
1,3,4-oxazole (BBOD) could also induce the formation of
v-CD nanotubes [14]. Li et al. reported the formation of
rigid molecular nanotube aggregates of B-CD and y-CD
through linkages by the rodlike molecules of all-trans-1,6-
diphenyl-1,3,5-hexatriene (DPH). The visualized images of
nanotubes were obtained with STM for the first time [15].
The study of the formation of CD nanotubes in the presence
of some other organic molecules becomes a subject of great
interest [16-25].

Our research group is interested in studies concerning the
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formation of CD nanotubes induced by organic molecules
and aims to find out what kinds of organic molecules cause
the formation of CD nanotubes. We have found that butyl-
PBD [26], 2,2"-biquinoline (BQ) [27], 1,1’-(methylenedi-1,4-
phenylene)bismaleimide (MDP-BMI) [27], 4,4'-bis(2-ben-
zoxaolyl)stilbene (BOS) [28], N,N'-diphenylbenzidine (DPB)
[29] and 2,2'-p-phenylenebis(5-phenyloxazole) (POPOP)
[30] can induce CDs to form nanotubes and PBD can also
induce the formation of $-CD nanotubes [26, 31]. The fact
that nanotubes could assembly further to form rod-like
structures was discovered for the first time [29, 31] and the
concept of secondary assembly was suggested accordingly
[31]. Recently, it was reported that trans-2-[4-(dimethyl-
amino)styryl]benzothiazole (DMASBT) could induce the
formation of B-CD nanotubes and their secondary assembly
[32, 33], which further confirmed the viewpoint of us [29,
31]. However, only a small amount of molecules has been
discovered to induce CDs to form secondary assembly.

In this work, we studied the different interaction pat-
terns between 2,5-bis(5'-tert-butyl-2-benzoxazoyl)thiophene
(BBOT) (as shown in Figure 1) and a-, -, y-CD. Except for
the absorption and fluorescence spectroscopy, fluorescence
microscopy, transmission electron microscopy (TEM) and
dynamic light scattering (DLS) were used to characterize
the cyclodextrin nanotubes. The effect of pH on nanotubes
and secondary assembly was also studied. BBOT is a com-
monly used material for charge transfer and has been ap-
plied in OLED [34, 35]. Therefore, the study of the forma-
tion of nanotubes and secondary assembly induced by
BBOT is of great significance and has potential applications
in OLED.

2 Experimental

BBOT (Acros, 99%), a-CD (Acros, 98%+) and y-CD (Acros,
99%) were used as received. B-CD (Beijing Aoboxing,
China) was triply recrystallized from tridistilled water. All
the other chemical reagents used in this study were of ana-
Iytical grade.

In order to prepare CD inclusion complexes and nano-
tubes, the following procedures were performed: (1) a stock
solution of BBOT was prepared in ethanol and an aliquot of
the stock solution of BBOT was added to a volumetric flask,
with the volume of the stock solution added being no more
than 1%; (2) the required amount of CDs was added to the
solution; (3) tridistilled water was added to dilute the solu-
tion to a certain concentration; (4) the above mixture was

N /B N
(9] (9]

Figure 1 The structure of BBOT.
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sonicated for 1 h, and then incubated for one night before
any measurement.

Absorption spectra were recorded on a U-3010 (Hitachi)
spectrophotometer and the slit width was 2 nm. Steady state
fluorescence and fluorescence anisotropy were measured on
an F-4500 (Hitachi) spectrophotometer. The value of fluo-
rescence anisotropy (r) was obtained by taking the average
value for three times. The error was estimated to be as high
as 0.005. Fluorescence lifetime measurements were carried
out on a fluorescence lifetime spectrometer LifeSpec-Red
(Edinburgh). 5000 counts were collected for each sample.
Fluorescence images were obtained with a fluorescence
microscope IX70-142 (Olympus). Micrographs of TEM
were recorded with a JEM-100CX II and high-resolution
TEM (F30, Tecnai; H9000, Hitachi) by the negative stain-
ing method. Uranyl acetate solution (2%) was used as the
staining agent to make the TEM images more clear. DLS
measurements were performed on an ALV/DLS/SLS-5022F
photo correlation spectrometer. The wavelength of laser was
632.8 nm and the scattering angle was 90°. The samples
were treated with 0.2 um filters (Membrana, micro PES)
before the DLS measurements. Density of the solution was
measured with a density meter (Mettler Toledo).

3 Results and discussion

3.1 Absorption and steady state fluorescence spectra

As shown in Figures 2(a) and (b), the maximum absorption
wavelengths for BBOT in pure water and in aqueous solu-
tions of a-, B-, y-CD are 358, 358, 375 and 362 nm, respec-
tively. The maximum emission wavelengths are 447, 446,
434 and 498 nm, respectively. This indicates that the mi-
croenvironments of the molecule in pure water and in
aqueous solutions of a-, -, y-CD are different. Therefore,
the interaction patterns of BBOT with CDs may also be
different.

3.1.1 The interaction of BBOT with a-CD

Figure 3(a) shows fluorescence spectra of BBOT in aqueous
solutions of a-CD at various concentrations. The fluores-
cence intensity of BBOT increases and a small blue-shift
occurs on going from water to aqueous solutions of a-CD,
which indicates that BBOT moves from water to a less
aqueous site and an inclusion complex might be formed. To
estimate the association constants and stoichiometries of the
inclusion complex, different models of complexation can be
considered [36-39]. In this case, reasonable results can be
obtained only when the model of 1:2 inclusion complexa-
tion is applied, which is based on the following equation:

I:IO+QKACDr
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Figure 2 Absorption (a) and fluorescence (b) spectra of BBOT in pure water (solid line) and in aqueous solutions of a-CD (dashed line), B-CD (dotted

line), and y-CD (dash-dot line) ((BBOT] =2 x 107 M, [CD]= 10 mM).
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Figure 3 Fluorescence spectra of BBOT in CDs. (a) [BBOT]=2x 107° M, from 1 to 5, [a-CD]=0, 2, 6, 10, 20 mM. The inset shows the relative fluores-
cence intensity (1=446 nm) vs. [a-CD]. (b) [BBOT]=1x 10 M, from 1 to 5, [B-CD]=0, 0.2, 1, 4, 10 mM. The inset shows the relative fluorescence inten-
sity (A=434 nm) vs. [B-CD]. (c) [BBOT]=2 x 10°M, from 1 to 5, [y-CD]=0.1,0.2,2, 6, 10 mM.

where Iyand I, are fluorescence intensities of BBOT in pure
water and the 1:2 inclusion complex, respectively, while K,
is the association constant of the 1:2 inclusion complex,
[CD] represents the equilibrium concentration of CD, which
can be replaced by the initial concentration [37]. The value
of K, is estimated to be (2.18+0.16) x 10* M (see Figure
3(a) and the inset).

The fluorescence anisotropy of BBOT in aqueous solu-
tions of a-CD at different concentrations was measured.
Upon the addition of a-CD, the r value of BBOT increases
slightly. However, the r value hardly increases along with
continuous addition of a-CD, which indicates the formation
of a simple complex between BBOT and a-CD. The inclu-
sion complexes cannot be linked together and form nano-
tubes due to the comparatively small cavity of a-CD.

3.1.2  The interaction of BBOT with -CD

The interaction pattern of BBOT with $-CD depends on the
concentration of BBOT. It was found that when the concen-
tration of BBOT is lower than 5x 107 M, reasonable results
can be obtained only when the model of 1:1 inclusion com-

plex is considered (see Figure 3(b) and the inset). The asso-
ciation constant K is estimated to be (1.77 £0.04) x 10° M!
on the basis of the following equation:

,_ lo+ 1K, [CD]

[+ K, [CD] @

where I; is the fluorescence intensity of BBOT in the 1:1
inclusion complex, while K; is the association constant of
the 1:1 inclusion complex.

However, when the concentration of BBOT increases, no
reasonable results can be obtained using the models of simple
inclusion complexes such as 1:1, 1:2 types or the coexisting
of the two, which suggests the formation of a structure dif-
ferent from that of simple inclusion complexes. In this con-
dition, the solution of BBOT-B-CD is a little turbid, while
individual solutions of B-CD and BBOT are clear, indicat-
ing the existence of large particles. The similar phenomenon
has also been observed in PBD-3-CD and PBD-y-CD solu-
tions, which is the evidence for the existence of the nano-
tube and secondary assembly [13, 14, 26, 31]. In the present
study, the nanotube and secondary assembly of B-CD may
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also be formed at higher concentration of BBOT.

The fluorescence anisotropy of BBOT (2 x 107° M) upon
the addition of B-CD is shown in Figure 4(a). As the solution
is not clear, it is necessary to correct the observed anisot-
ropy value that may be affected by light scattering of large
particles in the solution. In our previous work, the fluores-
cence anisotropy of the turbid solution with PBD and 3-CD
was corrected and the deviation between the actual anisot-
ropy value 7/, which is not affected by light scattering, and
the observed anisotropy r.,s was calculated [31, 40, 41]. For
BBOT-CD systems, the fluorescence anisotropy of BBOT is
corrected in the same way. (7'-rys)/r' is obtained by the fol-
lowing equation

(r'=r,)[r'=(3=3T)/(3+7T) (3)

where T is the total effective fractional transmission at the
excitation and emission wavelengths. (¥'-ry,s)/r' is propor-
tional to the absorbance A [40] and the observed propor-
tionality constant k for the system is 0.713+0.001 (see the
inset of Figure 4(a)). 7’ is obtained by eq. (4).
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Figure 4 Absorbance value (filled circle), corrected (open square) and
observed (filled square) fluorescence anisotropy of BBOT in aqueous
solutions of CDs at various concentrations. (a) -CD; (b) y-CD ([BBOT]=
2x107° M, the inset is the dependence of (r'-rgps)/r' of BBOT vs. absorb-
ance in aqueous solutions of $-CD and y-CD at various concentrations.
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where A represents the absorbance.

The 7' value of BBOT in 10 mM B-CD is 0.155 while it is
only 0.037 for BBOT in pure water, which implies the rota-
tion of BBOT is largely limited in the rigid nanotube.

3.1.3 The interaction of BBOT with y-CD

In order to study the interaction of BBOT with y-CD, the
models of the simple inclusion complex and combination of
several inclusion complexes are applied. However, no rea-
sonable results can be obtained at any concentration of
BBOT. Moreover, a red-shift of BBOT occurs after the ad-
dition of y-CD, which results from the overlapping of
BBOT molecules in comparatively large cavity of y-CD. It
suggests that y-CD may form nanotubes even when the
concentration of BBOT is comparatively low. The larger r
value of BBOT in 10 mM y-CD indicates the formation of
nanotubes (Figure 4(b)).

3.2 The fluorescence image and TEM

Fluorescence microscopy produces sufficient contrast to the
background to image the micrometer-sized rods (where the
rod is bright relative to the background) in the system of
BBOT-B-CD and BBOT-y-CD (Figures 5(a) and 5(b)). If
only pure CD assemblies exist, imaging rods cannot be ob-
served with fluorescence microscopy for pure B-CD is non-
fluorescent. Therefore, it is indicated that BBOT exists in
the nanotubes of BBOT-B-CD and BBOT-y-CD. However,
such rods are not observed in the aqueous solutions of
BBOT-a-CD, confirming that a-CD nanotube cannot be
formed with the help of BBOT. The rodlike structures are
observed with TEM as illustrated in Figure 6(a). Furthermore,
a high-resolution TEM (HRTEM) micrograph shows that
the rod as a whole is actually assembled by a lot of smaller
nanotubes in a stack way layer by layer (Figure 6(b)). These
results further certify the formation of the nanotube and
secondary assembly [31].

3.3 Time-resolved fluorescence spectroscopy

The fluorescence lifetimes of BBOT in pure water, in aque-
ous solutions of a-, B- and y-CD were measured (Table 1).

Figure 5 Fluorescence image of the micrometer-sized rodlike structure.
(a) BBOT-B-CD; (b) BBOT-y-CD.
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Figure 6 Micrographs of the micrometer-sized rodlike structure of the
B-CD secondary assembly induced by BBOT (a) TEM; (b) HRTEM.

Table 1 Fluorescence lifetimes of BBOT in pure water and aqueous
solutions of a.-, B-, and y-CD®

2

Medium 71 (ns) B, 7, (ns) B, ¥4

Pure water ~ 1.01+0.01 0.23 3.88+0.02 0.77 1.18
a-CD 0.88+0.01 0.44 2.78+0.03 0.56 1.22
B-CD 1.44+0.01 0.67 3.27+0.04 0.33 1.06
y-CD 2.22+0.01 0.09 8.90+0.09 0.91 1.13

a) [BBOT]=2x10° M, [CD]=10 mM. B; is a preexponential factor
representing the fractional contribution to the time-resolved decay of the

component with a lifetime 7, I(r)= ZB,.e’”’l
i

The shorter lifetime of BBOT in pure water is attributed to
the monomer of BBOT and the longer one is attributed to
the possible aggregates of BBOT. As for BBOT in CDs, the
shorter lifetimes are attributed to the free species of BBOT
in aqueous solutions and the longer ones correspond to
BBOT in the inclusion complex and nanotubes. Though
BBOT can induce - and y-CD to form nanotubes, the fluo-
rescence lifetime of BBOT in y-CD nanotube is much
longer than that in the B-CD nanotube. Considering this, the
difference of the BBOT molecule array in the two nano-
tubes is deduced. Because of the larger size of y-CD, two
BBOT molecules could mostly overlap in the same cavity
of y-CD and an excimer is formed. For the relatively small
cavity of B-CD, the BBOT molecule hardly overlaps and is
arrayed linearly. The formation of the excimer results in a
very long lifetime of BBOT in the y-CD nanotube, which is
analogical to the interaction of naphthalene with B-CD.
When the concentration of naphthalene is high, the dimer of
the 2:2 inclusion complex with B-CD is formed and the
fluorescence lifetime of naphthalene is 90.7 ns. It is much
longer than 60.9 ns, which is the lifetime of the 1:1 inclu-
sion complex at lower concentration of naphthalene [42].
The result can be further confirmed by the excimer of fluo-
rescence spectra of BBOT in y-CD aqueous solution (Figure
3(c)).

It can be concluded that the array of BBOT in the - and
v-CD nanotubes is different. As for the former, BBOT
hardly overlaps and arrays linearly. In the nanotube of
BBOT-y-CD, BBOT molecules array linearly and overlap to
a great extent.
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3.4 DLS measurement

In our previous report, DLS measurement was used to study
the formation of the nanotube and secondary assembly. As
for the systems of PBD-B-CD and PBD-y-CD, where the
nanotubes can be formed, a new peak with mean hydrody-
namic radius around 10 nm exists, which is similar to the
phenomenon of DPB-y-CD [29, 31]. As for the systems
where the nanotubes cannot be formed, the new peak will
not exist. As a result, the formation of CD nanotubes can be
further certified by DLS measurement.

Here, the components of BBOT-B-CD and BBOT-y-CD
systems were also studied by DLS. For comparison, the
system of BBOT-a-CD was also measured (Figure 7). A
mean hydrodynamic radius of 0.6-0.8 nm is attributed to
the monomeric CDs and that around 60-100 nm corre-
sponds to incompact CD aggregates [43]. According to the
method suggested by Gonzalez-Gaitano et al. for spherical
models [43], mass contributions of BBOT-CD systems are
calculated (Table 2). The DLS result of the BBOT-a-CD
system, where a simple inclusion complex is formed, is ap-
proximate to that of a-CD itself [29]. For the systems of
BBOT-B-CD and BBOT-y-CD, except for peaks of mono-
meric and aggregated CDs, a peak with mean hydrodynamic
radius around 10 nm appears. As the secondary assembly
has been removed by 0.2 pum filters, the peak is attributed to
the intermediate in the development process of the secondary
assembly of BBOT-B-CD and BBOT-y-CD nanotube [44].

3.5 The effect of pH on nanotubes and secondary assembly

It has been reported that hydrogen bonds, hydrophobic ef-
fect and van der waals force are significant to the formation
of cyclodextrin nanotubes [14-16, 25, 27, 31, 45]. The pro-
ton dissociation constant of B-CD is 12.20 [46]. When the
pH of the solution is higher than 12.20, OH on the rim of
B-CD would become O™ and block the formation of hydrogen

Relative intensity

1 10 100
Ry, (nm)

Figure 7 DLS results of the aqueous solutions of BBOT-a-CD (solid
line), BBOT-B-CD (dotted line), and BBOT-y-CD (dashed line) treated
with 0.2 pum filters ((BBOT] =2 x 10° M, [CD] =10 mM).
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Table 2 Mean hydrodynamic radius (Ry), correlative intensity (I) and mass (M) contributions of various components in the aqueous solutions of CDs and

BBOT-CDs”

Samples Ry (nm) 11 (%) M, (%) Ryp (nm) L(%) M (%) Rz (nm) L%)  M; (%)
a-CD" 0.6+0.1 6.68 99.9989 / / / 64.4+0.5 93.32  0.0011
BBOT-a-CD 0.7+0.1 7.21 99.9981 / / / 61.6+0.3 9279  0.0019
B-CD" 0.80.1 14.02  99.9998 / / / 114.7+0.4 85.98  0.0002
BBOT-B-CD 0.7+0.2 1240  99.9951 10.8+0.1 1.90 0.0042 68.0+0.2 85.70  0.0007
y-CD" 0.7+0.2 3.19 99.9977 / / / 76.7+0.5 96.81  0.0023
BBOT-y-CD 0.8+0.2 1547  99.9988 17.9£0.1 1.57 0.0009 96.4+0.3 82.96  0.0003

a) [BBOT]=2x10"°M, [CD]= 10 mM. b) Taken from ref. [29].

bonds between adjacent CDs. Therefore, the effect of pH on
the r value of BBOT in B-CD solutions could be used to
certify the significance of hydrogen bonds. As shown in
Figure 8, the r value of BBOT is almost constant when pH
is lower than 13, when the pH value is adjusted to 13, the r
value descends greatly, which indicates the nanotube and
secondary assembly cannot be formed in the condition.
Consequently, it is certified that the hydrogen bond is cru-
cial for the formation of CD nanotubes and secondary as-
semblies induced by BBOT.

3.6 Structural feature and mechanism of the nanotube
and secondary assembly

In our previous report, the structural feature of the PBD-f3-
CD nanotube and secondary assembly was studied by the
measurement of density and fluorescence microscopy. It
was concluded that the occupied and empty B-CD nano-
tubes construct the micrometer-sized secondary assembly
together, where most of the B-CD nanotubes are empty and
only a few B-CD nanotubes are occupied by PBD [31].

As for BBOT-B-CD, similar methods are used to charac-
terize the structural feature. The solution of BBOT (2 x 10°°
M)-B-CD (10 mM) is centrifuged at a high speed (10000 rpm)

and the density of the supernatant fluid is measured at 25 °C.

According to the linear relationship between the density of
B-CD aqueous solution and its concentration at 25 °C, the

0.174

0.16+ .

0.15+

0.14+

0.13+

0.124

Figure 8 Fluorescence anisotropy of BBOT in the presence of 10 mM
B-CD as a function of pH.

concentration of B-CD in the supernatant fluid is estimated
to be 5.93 mM, indicating that the moles of B-CD are much
larger than that of BBOT in the secondary assembly. To-
gether with the results of fluorescence microscopy, the
structure of the secondary assembly is similar to that of
PBD-B-CD. Among the secondary assembly, the B-CD
nanotubes occupied by BBOT are the minority and the
empty B-CD nanotubes which are not occupied by BBOT
are the majority.

Based on the above results and the mechanism of PBD-
B-CD nanotubes and secondary assembly in previous re-
ports [31], the probable formation mechanism of BBOT-3-
CD nanotubes and secondary assemblies is as follows: when
a small amount of BBOT is added into B-CD aqueous solu-
tion, a 1:1 inclusion complex forms mainly due to the hy-
drophobic interaction between BBOT and -CD. With the
concentration of BBOT increasing, except that one mole-
cule is complexed by one B-CD, the segment of the mole-
cules outside the B-CD cavity could enter another cavity of
the inclusion complex. Due to the “bridge” effect of BBOT
and the hydrogen-bonding between hydroxyl groups of
B-CD molecules, the nanotube of B-CD occupied by BBOT
is formed. This kind of nanotubes acts as a center for the
aggregation of B-CD to form the empty nanotubes. The oc-
cupied and empty nanotubes make up of the microme-
ter-sized secondary assembly together.

4 Conclusions

As is shown above, the interaction patterns of BBOT with
o-, B-, y-CD are different. BBOT and o-CD can form a 1:2
inclusion complex. BBOT can form a 1:1 inclusion complex
with B-CD at comparatively low concentration of the mole-
cule. Once the concentration of BBOT increases, it induces
B-CD to construct nanotubes and a micrometer-sized rod-
like structure by further assembly. It has been demonstrated
that the hydrogen bond of adjacent CDs is crucial for the
formation of the nanotube and secondary assembly. As for
v-CD, the nanotube and secondary assembly can be formed
at any concentration of BBOT studied here. In y-CD nano-
tubes, BBOT molecules mostly overlap in the same cavity
of y-CD.
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