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Abstract: Rotaxane-based nanoscale architectures have a huge potential to be
processed into widely applied devices. In this work, light-driven rotaxanes with flu-

orescent chromophores based on a-cyclodextrin (a-CyD) have been doped into
amphoteric thermoreversible hydrosol-gels to form a new type of disperse system
with reversible optical signals. The photoisomerizations with a-CyD shuttling have
been studied by induced circular dichroism (ICD). Compared with their corre-
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sponding solutions, the rotaxane-doped hydrosol-gel systems produce much more

obvious fluorescent binary signals.

Introduction

“Moving and working like machines” is a goal that many
nanoscientists have been embracing and pursuing for years.
Some supramolecular machines and devices!!! are showing
an increasingly greater potential for applications in areas
such as molecular switches,”) molecular logic gates,”] molec-
ular wires,! and information storage.’! Rotaxane,” one of
the typical interlocked supramolecular systems, has been de-
veloped extremely fast in recent years due to its challenging
constructions and unique functions. Recently, several o-
CyD-based rotaxanes containing one or two fluorescent
naphthalimide units as stoppers have been synthesized by
our group.”” These rotaxanes could be regarded as good
models for binary systems because of their variable and re-
versible output signals originating from different inputs.
Thus far, most researchers including ourselves believe that
lots of charming performances of switchable rotaxanes can
be easily revealed in solution. However, incoherence and
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physical instability of the solution state hinders these types
of materials from being extensively applied.

To overcome these obstacles, many efforts have been
made, such as transforming supramolecular systems into
solid states,® Langmuir-Blodgett films,”) and self-assembly
monolayers.'”! Good results have been attained by these
methods to some extent, but the disadvantages of a low con-
version rate or of the inconvenience of the transformation
also exist. Compared with these morphologies mentioned
above, the low-molecular-weight gelator (LMWG)!'!-
formed thermoreversible sol-gel system has its own merits.
As a kind of mesophase, a sol-gel system has high flexibility
and workability. Furthermore, these easily prepared systems
are generally more retentive than solutions so as to be fa-
vorable to storage and transportation.

We have focused on seeking other suitable media for su-
pramolecules to improve their performances and to investi-
gate their special characteristics. Herein, a fitting amphoter-
ic thermoreversible hydrosol-gel system™?! without visible
absorption or strong scattering was chosen. Two samples R1
and R2 were dispersed at 60°C to form rotaxane-doped hy-
drosol systems R1-Sol and R2-Sol, respectively (Figure 1).
Their references (R1-Ref-Sol and R2-Ref-Sol) were pre-
pared in the same way. These hydrosol systems could be
changed into their corresponding hydrogels by cooling to
room temperature and heating back into hydrosols reversi-
bly (Figure 2). The induced circular dichroism (ICD) per-
formances of these rotaxanes in aqueous solution and hy-
drosol systems were investigated for their conformational
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Figure 1. The structures of light-driven rotaxanes R1 and R2 and their references. ANS = 4-Amino-1,8-naphthalimide-3,6-disulfonic disodium salt, NS
= 1,8-naphthalimide-3-sulfonic sodium salt, IPA = isophthalic acid.

Results and Discussion

Shuttling motion with photoisomerization: The fact that a
a-CyD macrocycle can shuttle along the dumbbells due to
the photoisomerization of azobenzene or stilbene units has
been confirmed by 'H NMR and 2D ROESY NMR spectr-
socopy in these structures.”*3? ICD spectra, another effec-
tive method to detect chirality or optical activity, can de-
scribe the co-conformations with shuttling movements of a-
CyD in detail.™ ICD signals of an achiral guest chromo-
R1-hydrosol R1-hydrosol R1-solution phore originate when it is located in a chiral environment
like a CyD host. According to the general rule,'™ a positive/
negative ICD signal arises when the electric transition
dipole moment of the guest inside the host cavity is aligned
parallel/perpendicular to the axis of the chiral host. On the
contrary, the sign of the ICD signal is just opposite when
the electric transition moment of the guest is outside the
host cavity. The ICD signal converges to zero when the
angle between the transition moment and the CyD axis
turns to 54.7°. Thereby, the variations of ICD signals directly
reflect their angles and positions.

The ICD spectra with respect to the photoisomerization
of the R1-aq solution and the R1-doped hydrosol are shown
in Figure 3. It has been confirmed that the irradiation of the

Figure 2. Images of R1-doped hydrosol, hydrogel, and aqueous solutio- . ; .
n (A) and the samples under irradiation at 365 nm (B). aqueous R1 solution at 365 nm induces E to Z photoisome-

rization, and the a-CyD ring moves from the azo unit to the
biphenyl unit. In the initial state, the azo unit located in the
cavity of a-CyD and its m <Pl >m* transition has an absorp-
tion maximum at 360 nm while the one at 430 nm is mainly

identifications. Clearly improved optical performances were attributed to the superposition of the n<Pl>m* transition
observed by fluorescence spectroscopy. It is obvious that a of the azo unit and ANS unit. These units are involved in
novel fluorescence-enhanced thermoreversible system is the chiral environment of the a-CyD cavity so as to give
achieved in this work and its output fluorescent signals are ICD signals at wavelengths corresponding to their visible
also reversible as the corresponding solution. absorptions.
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Figure 3. A) ICD spectral changes for R1-aq solution (25°C, 1.0x107*m;
a) 0 min, b) 3 min, ¢) 15 min, d) 30 min-back) and B) R1-doped hydrosol
with a 10% gelator content (40°C, 1.0x10*m; a)0min, b)S5 min,
¢) 20 min, d) 40 min-back) by irradiation at 365 nm. The spectral change
can be reversed back to its original state by irradiation at 254 nm.

The absorption of R1-sol occurs at more or less the same
position as Rl-solution due to the physical adsorption be-
tween the dopant molecules and micelles. The ANS and NS
units are far away from the chiral cavity of a-CyD so that
the ICD spectral changes are mainly induced by the varia-
tions of angles a or 3, marked between the axis and the ori-
entation of w<Pl>n* or the n<Pl>n* transition, respec-
tively. A possible case we inferred is shown in Figure 4. For
R1-aq solution, a strong positive Cotton effect arises when a
7t <Pl>m* transition is located in the cavity of a-CyD with
an o value far smaller than 54.7°. The <Pl >n* transition
occurs outside of the cavity after the photoisomerization
and a becomes slightly bigger than 54.7°. Thus, the A¢ value
at 360 nm, a reflection of statistical regularity, decreases
from 6.6 to 3.3Lmol!cm™!. Meanwhile, the n<Pl>m*
transition lies in both the regions in which a negative
Cotton effect appears before and after the photoisomeriza-
tion. However, 8 becomes farther away from 54.7°, namely,
the absolute value of § minus 54.7° gets bigger. Thus a more
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Figure 4. Relationship of the angles a and 8 and positions between the o-
CyD ring and the linear subunit before (A) and after (B) the photoiso-
merization of the azo unit in R1-aq solution. « is the angle between the
axis and the orientation of the w <Pl>m * transition while S is the angle
between the axis and the orientation of the n <Pl>m* transition.

negative ICD signal is given and the Ae at 430 nm declines
from —1.5 to —2.3 Lmol ' cm ™.

An obvious difference appears at the peak of 430 nm of
R1-sol compared with R1-solution. The adsorption in hydro-
sol makes it more difficult for the photoisomerization of the
azo unit of R1 as well as the shift of a-CyD. After irradia-
tion for 20 min, a-CyD might not depart from azobenzene
completely and the n<Pl>m* transition seems to still take
place in the cavity. However, the orientation of n<Pl>m*
becomes parallel to the axis (8 was less than 54.7°) so that a
positive Cotton effect is produced (see Figure 5). Irradiation
at 254 nm causes the Z form to return to the E form both
for R1-sol and Rl-solution with the recovery of their ICD
signals.

The ICD spectra of R2-alkaline (10 mol equivalents of
sodium carbonate added) aq solution and -hydrosol are de-
scribed in Figure 6. In these two systems, azobenzene and
stilbene are both in the E form with a-CyD mostly located
in the stilbene unit (EE state). E-to-Z photoisomerization of
the azobenzene (ZE state) will happen by irradiation at
380 nm alone, while the irradiation at 313 nm causes E-to-Z
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Figure 5. Relationship of the angles a and 5 and positions between the o-
CyD ring and the linear subunit before (A) and after (B) the photoiso-
merization of the azo unit in R1-doped hydrosol.

photoisomerization of stilbene (EZ state). The two units
will both be isomerized (ZZ state) with irradiation at 313
and 380 nm, successively.”!! Corresponding movements of -
CyD will take place with the photoisomerizations of these
units. Isomerized stilbene and azobenzene can recover to
the E form by irradiation at 280 and 450 nm, respectively.
The Cotton effects of isoconcentrated R2 generate in similar
positions to that of R1 with weaker signals at 360 nm (Ae <
2 Lmol ! cm™). The positive Cotton effect of ZE, EZ, and
EE states blue shifts to less than 350 nm as a result of the
fact that the conjugated & system becomes weaker when any
photoisomerizable unit turns to the Z form. Nevertheless,
the intensity of the ICD signal changes little because the o-
CyD ring shuttles along the whole & system containing stil-
bene but never locates on the azo unit completely. The
shortened distance between the ANS unit and a-CyD with
E-to-Z photoisomerization of stilbene produced a slightly
stronger negative ICD signal at 450 nm (Ae of EZ state is
—1.05 Lmol ' cm™"). The ICD spectral change of R2-sol is
similar to that of R2-solution integrally.
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Figure 6. ICD spectra of four states of R2-alkaline aq solution (1.0x
10~*m, 25°C) (A) and R2-alkaline hydrosol with a 10% gelator content
(1.0x107*m, 40°C) (B). a) EE, b) ZE, ¢c) EZ,d) ZZ.

Effective enhancement of fluorescence signals in hydrosol-
gel systems: Fluidity of water is confined by a synergistic
effect of hydrophilic and hydrophobic groups in amphoteric
micelles. Hence, the performances of dopants dissolved in
the water phase can also be influenced by gelators. The gela-
tor we chose can form a hydrosol-gel with water in a large
range of concentrations. We dispersed the same amount of
R1 into hydrosols of different gelator contents (wt %) to de-
termine the fluorescent enhancement effect.

The fluorescent intensities at 520 nm of R1-doped hydro-
sol systems (Figure 7b—e) are obviously higher than that of
R1-aq solution (Figure 7a). After removing the Tyndall scat-
tering of the hydrosol itself (Figure 7f), we could find that
the net fluorescent intensities of the dopant are still stronger
than that of solution. The net fluorescent intensity grows
with the increase of the gelator content (for example, the
net fluorescent intensity of R1-doped hydrosol with 20 %
gelator content has reached three times more than that of
R1-aq solution). The enhancement of fluorescent intensity
should be attributed to the adsorption of parts of sample
molecules on the micellar surfaces. In this way, fluorescent
quenching, induced by the collisions between sample mole-
cules or the collisions between a sample molecule and the
amphoteric micelles, is reduced.

www.chemeurj.org — 9219
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Figure 7. Fluorescent enhancement of R1-sol (1.0x107*M, A, =438 nm)

with elevation of gelator content at 40°C. Gelator content: a)0%,
b)5%,¢)10%, d) 15%, ) 20%, ) 10% blank.

While it is considered that the photoisomerizations of the
dopants will become more difficult if the micelles are very
concentrated, we chose our sample-doped hydrosol systems
with a 10% gelator content to study their emitting perform-
ances accompanied by the photoisomerizations. Variation of
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Figure 8. Variation of enhanced fluorescence spectra of Rl-sol (a; 1.0x
107*m, 40°C) with continuous irradiation at 365 nm compared with that
of Rl-solution (b, 1.0x107*m, 25°C) (A). Enhanced fluorescence spectra
of Rl-ref-sol unvaried (a; 1.0x107*m, 40°C) with continuous irradiation
at 365nm compared with that of Rl-ref-solution (b; 1.0x107*m,
25°C) (B).
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fluorescence spectra with respect to the photoisomerization
of R1-doped hydrosol, R1-aq solution, and their references
are shown in Figure 8. The fluorescence signals of R1-sol
and Rl-ref-sol are both stronger than their corresponding
solutions. An increase of emission peak at 395 nm and a de-
crease of emission peak at 530 nm are both observed in R1-
sol and R1-solution by irradiation at 365 nm for 20 min. In-
verse changes of the two peaks takes place by the following
irradiation at 254 nm. The fluorescent intensities of the R1-
ref-sol and R1-ref-solution do not change after UV irradia-
tion. These phenomena demonstrate that a-CyD, which has
a great influence on the fluorescence of the two stoppers,
can shuttle along the linear subunit not only in R1-aq solu-
tion but also in R1-doped hydrosol. Reversible fluorescent
alternation of the fluorophores can be induced by the rigidi-
zation of the a-CyD ring. Therefore, R1-doped hydrosol sys-
tems can still perform as a binary switch.

There are two photoisomerizable units in the R2 mole-
cule, thus three other photostationary states besides the ini-
tial state will generate both in alkaline aq solution and hy-
drosol by irradiation at different wavelengths. The emission
spectra of R2-doped hydrosol, R2-aq solution, and their ref-
erences are shown in Figure 9. With the photoisomerization
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Figure 9. A) Fluorescence emission spectra of four photostationary states
of R2-sol (alkaline hydrosol 2.1x10°m, 40°C) compared with that of
R2-solution (alkaline aqueous solution 2.1x107°M, 25°C). R2-solution:
a) EE,b) ZE, ¢) EZ, and d) ZZ; R2-sol: e) EE, ) ZE, g) EZ, and h) ZZ.
B) Fluorescence spectra unvaried of R2-ref-sol (a; 2.1x107°m, 40°C)
compared with that of R2-ref-solution (b; 2.1x107°m, 25°C). a) R2-ref-
sol, b) R2-ref-solution.
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of a stilbene unit at 313 nm (EZ state), the distance between
the ANS unit and a-CyD turns out to be the shortest and an
apparently enhanced fluorescence signal is observed. The
fluorescent intensity becomes weaker to some extent in
other states in the respect that a-CyD is relatively far away
from the fluorophore. It is clearly seen that the variations of
the fluorescent emission peaks of R2-sol and R2-solution in
Figure 9 meet an identical trend. However, no remarkable
fluorescence signal changes of R2-ref-sol and R2-ref-solu-
tion are observed because there is no a-CyD ring located on
the dumbbell.

Reversibility and durability of optical fluorescence signals in
rotaxane-doped hydrosol-gel systems: Figure 10 shows the
changes in ICD signals at 360 nm of R1-sol and R1-solution

6 -
365 nm
q -
-~ - -
e 44 .
(()
s
€
-
3 2 - r Aggg,
254 nm
R1-sol
0=
365nm
61 -
=
- .
p 4
o
E
S 2 4 t A€
< 254 nm
R1-solution
0 T T T T T T T T T T T

0 20 40 60 80 100 120 140 160 180 200
Irridiation time/min

Figure 10. Changes in ICD signals at 360 nm of R1-sol with a 10% gela-
tor content (1.0x 107*m, 40°C) and R1-solution (1.0x 10 *m, 25°C) along
with changes in irradiation time and light sources. Light sources of 365
and 254 nm UV light were alternated every 20 min.

by irradiation at 365 and 254 nm continuously and alternate-
ly. The switching properties of R1-doped hydrosol can also
reverse well and a good antifatigue ability is displayed as its
corresponding solution. This indicates that repeatability of
the motion of a-CyD with photoisomerization is not strong-
ly interfered with by the adsorption of micelles. Based on
the same conditions of repeatability as the aqueous solution,
the rotaxane-doped hydrosol system produces much stron-
ger fluorescent binary signals. In addition to the excellent
physical stability of the hydrosol-gel system itself, supermo-
lecular materials will work more effectively in this kind of
media.
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Conclusion

A type of rotaxane-doped reversible hydrosol-gel system
with obvious enhanced fluorescence signals has been pre-
pared. The reversibility of the systems is shown in two as-
pects. Firstly, the transformation between hydrosol state and
hydrogel state controlled by temperature is reversible. Sec-
ondly, the variations of optical signals induced by irradiation
at different wavelengths in these hydrosol systems are rever-
sible.

ICD spectra have further proved that a-CyD can shuttle
along the dumbbell with the photoisomerization of azoben-
zene or stilbene units. Meanwhile, it has precisely described
the change of the angles and positions between the a-CyD
ring and the linear subunit. It is sure that keeping nanoma-
terials like rotaxane in these easily prepared thermoreversi-
ble hydrosol-gels will probably build a bridge from mole-
cules to devices for the functional molecules.

Experimental Section

Synthesis: R1 and R2 were synthesized by Pd-catalyzed Suzuki coupling
in which phenyl boronic acid reacted with phenyl halide in the presence
of a-CyD in an Ar-saturated Na,CO; aqueous solution. Chromatography
(silica gel, the upper layer was 1.3:2:5 acetic acid/n-butanol/water) gave
pure target molecules. The non-CyD dumbbell references R1-ref and R2-
ref were also prepared by using the same conditions, in the absence of a-
CyD, with the purification by chromatography (silica gel, the upper layer
was 1:2:5 acetic acid/n-butanol/water). Experimental details of the syn-
thesis and structural characterizations are shown by our former publica-
tions (see references [2a,3d]).

Preparation of rotaxane-doped hydrosol-gel systems: The gelator was a
mixture of N,N,N-trimethylhexadecan-1-aminium bromide (N1) and an
amphoteric surfactant based on quaternary ammonium chloride and
sodium sulfonate (N2) with a 1:1 molar ratio. An equimolar concentra-
tion of R1-sol and R2-sol was gained by dissolving R1 and R2 solid sam-
ples in the blank hydrogol (10% mass fraction of dry gelator, namely
10% gelator content) at more than 50°C. Owing to the temperature-sen-
sitive nature of the amphoteric micelles, R1-sol and R2-sol can be
changed into their corresponding hydrogels by cooling to room tempera-
ture and heating back into hydrosols reversibly. The transition tempera-
ture of these hydrosol-gel systems is about 30°C (10% gelator content).
Hydrosols can also turn into solutions by heating to a much higher tem-
perature.

Instruments: The ICD spectra were recorded on a Jasco J-815 CD spec-
trophotometer in a 1 cm quartz cell. H NMR spectra were measured on a
Briikker AM 500 spectrometer. UV/visible spectra were carried out by
using a Varian Cary 500 spectrophotometer (1 cm quartz cell used). Fluo-
rescent spectra were recorded on a Varian Cary Eclipse Fluorescence
spectrophotometer. The photoirradiation was carried by using a CHF-
XM 500-W high-pressure mercury lamp with suitable filters in a sealed
Ar-saturated 1 cm quartz cell. The distance between the lamp and the
sample cell is 20 cm. In hydrogel with 10 % gelator content, it takes more
or less the same time by continuous irradiations for R1 and R2 to reach
the photostationary states as their equimolar concentrated aqueous solu-
tions.
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