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A Soliton Phenomenon in Langmuir Monolayers of Amphiphilic Bistable Rotaxanes
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Surface pressurearea isotherms, light scattering microscopy, and atomic force microscopy have all been
used to provide information about the stabilities and dynamics of Langmuir monolayers composed of
amphiphilic bistable [2]rotaxane molecules. Superstructures that have the appearance of localized mobile
solitons are formed during the compression of monolayers of the [2]rotaxanes below their collapse pressures.
Solitons move solely in a linear trajectory in both directions across the film, perpendicular to the compression
direction, without any apparent broadening or change in their shape.

Bistable [2]rotaxanes are a clasg mechanically interlocked
molecules composed of a dumbbell-shaped component, consist:
ing of a central linear rodlike section terminated by two bulky
stoppers at each end of the rod, encircled by a ring component.
During the past five years, amphiphilic redox-controllable
bistable [2]rotaxane%? in which the ring component can be
induced to move, on command by some appropriate stimulus,
between two nonidentical recognition sites, have been introduced
as the active elements in solid-state molecular switch tunnel
junction device$for memory and computing applications. Since
Langmuir monolayers of the [2]rotaxane molecules form the
basis for the fabrication of these molecular electronic devices,
efforts are being pursueéd continuously that are aimed at

understanding the molecular organization and stabilities of such X
one-molecule thick films at the atwater interface. As a part g
of this research, surface pressuegea f—A) isotherms, light °
scattering microscofy(LSM), and atomic force microscopy /@
(AFM) have all been employed subsequently to elicit informa- (é Z *[%]
tion about the dynamics and stabilities of Langmuir monolayers b ® C:.‘

of both chargetland neutralamphiphilic bistable [2]rotaxanes.

In this communication, we report the discovery of an unusual oM
two-dimensional (2D) to three-dimensional (3D) transition in 1 AN 3
which superstructures that have the appearance of localizedFigure 1. Structural formulas of the charged [2]rotaxadésand24*,
mobile solitons are formed during the compression of mono- together with their respective dumbbell precursgrand 4, and the
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layers below their collapse pressut@st neutral [2]rotaxané which were used in the preparation and analyses
The structural formulas of the chardd@]rotaxanesl** and of Langmuir films.

24" and their respective dumbbell precurs8m@nd4, on which rated by a rigid terphenylene spacer (black). A hydrophilic

we have focused most of our attention, are shown in Figure 1, dendritic stopper (light blue, close to the TTF unit) and a

along with the structural formula of the neu#f2]rotaxanes. hydrophobic tetraarylmethane stopper (black, close to the DNP

The [2]rotaxandl** consists of (i) a ring component (dark blue) unit) are incorporated at each end of the dumbbell, thus

cyclobis(paraquap-phenylene) (CBPQT), (ii) a dumbbell- rendering the molecule amphiphilic and enabling it to form

shaped component that includes two different recognition sites insoluble monolayers at the aiwater interface. The [2]rotaxane
for the CBPQT" ring component, a tetrathiafulvalene (TTF) 24" is a constitutional isomer df*" in which the locations of
unit (green), and a 1,5-dioxynaphthalene (DNP) unit (red), sepa-the TTF and DNP units have been reversed. In both the [2]-
rotaxanesl*t and 24+, the CBPQT" ring is located predomi-
* Corresponding authors. E-mail: knobler@chem.ucla.edu; stoddart@ nam|y on the TTE unit67 The neutral bistable [2]rotaxarﬁa
chem.ucla.edu . S

t California NanoSystems Institute. incorporatedpyromellitic diimide (Pml, orange) and naphtho-

* Department of Chemistry and Biochemistry. diimide (Npl, dark blue) recognition sites in its dumbbell
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60 molecular structural differences. In common with previously
measuret isotherms of not-too-dissimilar [2]rotaxanes, the
50 isotherms’ behavior can be related to the presence of the ring
0 component and its relative location in the [2]rotaxane. Note that
the isotherm ofl** shows a greater projected area than that of
/mNm! 30 24t at the same pressure, implying that the presence of the
T CBPQT*" ring closer to the subphase itf* increases the
20 average surface area per molecule. The absence of the CBPQT
ring in the dumbbells3 and 4 allows their films to be
10 compressed to smaller areas for the same increase in the surface
- pressure. All the isotherms were characterized by similar
0 collapse pressures, ranging from 48 up to 55 mN/m. Langmuir
0 100 200 300 400 500 films of [2]rotaxanes are reasonably stable at surface pressures
AlA? below 30 mN/m with a 10% area loss after 1 h. Similar stabilities
Figure 2. -Aisotherms of the [2]rotaxands*, 2*%, mixed (1:1)1%/ were observed in previous investigatido$related bistable [2]-

2%t and 5, and the dumbbell compound3 and 4, obtained by

; . ) rotaxanes.
compressing the appropriate monolayers continuously at a rate of 5 " . .
mm/min. At low pressures, the [2]rotaxarié™ monolayer exists in

the gaseous state. As revealed by synchrotron X-ray reflecto-

component, which is encircled predominantly around the Npl Metry’ and molecular dynamics simulatiotsthese flexible
site by the 1,5-dinaphtho[38]crown-10 ring component (red). Molecules adopt very tilted and locally folded conformations

Solutions of approximately 0-51.5 g/L of the [2]rotaxanes N Which the widely separated molecules are in contact with
14+, 2+, and5 and the dumbbell precursoBsand 4 of the the water surface. The folded conformation is presumably a
charged rotaxanes in CHCWere prepared, spread onto the esult of the CBPQT" ring and its associated counterions. At
aqueous subphase (pH5.5-6.2, resistivity= 18 MQ/cm), and these pressures, LSM imagéshow the presence of a few small
allowed to equilibrate for 1530 min. Surface pressure-area Pright features (23 um) that are believed to be multilayer

(7—A) isotherms were obtained on a 600%dbangmuir trough  islands that are formed by so-called slow collapse.

(Nima, model 611) using a paper Wilhelmy plate to measure  When the monolayer is compressed to higher densities at
the surface pressura—A Isotherms of the [2]rotaxanes', compression rates in excess of 5 mm/min, mobile compact bright
2%, and 5 and the dumbbell compound3 and 4 reveal features become visible in the LSM images. These 3-D features

(Figure 2) a characteristic behavior that can be attributed to their (Figure 3) move solely in a linear trajectory in both directions
Soliton
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Figure 3. Five consecutive LSM images of a Langmuir film of the [2]rotaxdfie compressed at 5 mm/min and a pressure of about 30 mN/m,
illustrating the motion of a 1@m wide soliton (denoted by the arrows) from right to left of the view. The time interval between images is 0.5 s.
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0 a) Buckled Region The solitons leave behind a track composed of two parallel

¥ lines, a feature which does not fade when the compression is
stopped. When the monolayer is reexpanded, these lines are
’ seen to be closed loops, which open up, become distorted, and

» eventually break up, as shown in Figure 5a. The behavior upon

- b) Pair of Solitons expansion resembles that previously obselaturing the

g unfolding of buckled monolayer films of 2-hydroxy-tetra-

[ \ cosanoic acid. Contact-mode AFM analysis of the films
* transferred (Figure 5b) at 10 mN/m to mica reveal (Figure 5c)
¢) Relaxing of Buckled Region f(hat _tgehlipis are 2 to 4 nm in heiglaj &nd several nanometéts

in width (x).

Some conclusions about the origin of the superstructures in
150 100 50 0 the present systems can be drawn from the experiments. We
. have observed solitons only for monolayers of [2]rotaxanes both
Width / um charged {** and2*") and neutral §). They are not present in
Figure 4. Three consecutive LSM images of a Langmuir film of the  monolayers of the dumbbell precurs@&snd4. Thus, the ring

e ; - . ! _
[2]rotaxane1®" immediately prior to appearance of soliton features, g aggential although the phenomenon does not appear to be
showing (a) a microscale buckled region that grows laterally and (b) e h e f the ri he dumbbell
gives birth to two solitons moving in opposite directions; (c) Buckled SENSItive to the positioning of the ring on the dumbbe
region relaxes upon formation of solitons. component. Electrostatic interactions do not play a significant

role: the solitons are observed in [2]rotaxanes with both charged
across the film, perpendicular to the compression direction, (1** and 2**) and neutral §) ring components and they are
without any apparent broadening or change in shape. (See theunaffected by the ionic strength of the subphase. The addition
movie available in the Supporting Information.) They travel at of an oxidant to the subphase also has no effect, showing that
speeds of 58350um/s and their speed is roughly proportional the phenomenon is not related to the movement of the ring
to the compression speed. If the compression is slowed to lessbetween recognition sites. The solitons observed for the neutral
than 3 mm/min, the features stop moving and fade away in a [2]rotaxane5 move more rapidly (3062000u«m/s) than those
few seconds. If the compression is resumed within about a for the charged counterpartst and 2*"; otherwise, their
minute, the features arise at the same point and continue to movebehavior is identical. The fact that solitons do not arise in (1:1)
in the same direction. mixtures of 1** and 2*" indicates that the packing of the

The features have similarities to solitary traveling waves or CBPQT*" rings is important. This observation is in accord with
solitons, i.e., localized waves that are forrfeid a variety of the onset of the solitons occurring at densities for which the
nonlinear systems. Although the term soliton has also been
applied to equilibrium stripe patterns caused by electrostatic a)
interactions in charged Langmuir monolay&rthe phenomena
that we have observed arise only in driven systems. There have
been some earlier reports of the generation of soliton-like
superstructures in driven 2-D systems. Tabe and Yokojama
describe orientational waves in condensed Langmuir monolayers
of an azobenzene derivative that are generated by illumination,
which drives a cistrans photoisomerization. Recently, compact
soliton-like waves on the surface of a ferrofluid were generated b)
by the application of a magnetic field. These phenomena,
however, differ significantly from those that we have observed
in the [2]rotaxane films.

In a few instances we have observed the birth of a pair of
counter-propagating solitons. They arise from what appears to
be the onset of a large (40n wide) buckled region of the film
which relaxes (Figure 4) immediately after the solitons appear.
(See the movie available in the Supporting Information). The
solitons first arise when the molecular area is about 130 A
close to a point at which a 160.000-fold increase in the c)
viscosity of monolayers of similar [2]rotaxanes has been 4
observed, and thus coincides with a point at which there is a A—A
pressure gradient in the film during compression. This pressure 2
difference can account for the observation that the density of
solitons is higher near the barrier. Soliton features can move
parallel to one another without interacting, but if they collide 0 -
they mutually annihilate. Another important aspect of these 0 05 1
soliton features is that they can cross slow-collapse islands X {um-

ywthout Ipsmg their velocity and shgpe, but they are gnnlhllated Figure 5. (a) LSM and (b) AFM images of the [2]rotaxadé’, after

if they hit 3-D folds (~10—40 um wide and up to n_nlhmeters compression to about 50 mN/m and reexpansion to 10 mN/m, showing
long) that appear at pressures of-3% mN/m?8 Solitons can  expanded and broken soliton tracks. (c) Height profile along thé\A
also be seen to originate from folds. line in b.
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X-ray reflectivity measurements shéwhat the molecules form
condensed phases in which they are tilted but in which the
CBPQT ring is no longer in contact with the aqueous
subphase.

While we still lack a complete understanding of the origin
of the soliton phenomenon, clues to its origins can be found in
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Although our experiments show that the appearance of the
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rotaxanes is somehow related to the presence of their ring2005 127 1563-1575.

components, the precise nature of the nonlinear behavior that

underlies the phenomenon is not known yet. Relatively few

(9) Schief, W. R.; Dennis, S. R.; Frey, W.; Vogel, @olloids Surf. A
200Q 171, 75-86.
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possible to say if the solitons can be foéhtbr systems other
than the [2]rotaxanes.
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