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We examine a solution of rod-like piston-rotaxanes, which
can switch their length by external excitation (for example
optically) from a short state of length L to a long state of
length ¢ . We show that this solution can exhibit a number
of different behaviours. In particular it can rapidly switch
from an isotropic to a nematic liquid crystalline state. There
is a minimum ratio ¢* = 1.13 for which transitions from a
pure isotropic state to a pure nematic state are possible.
We present a phase-switching diagram, which gives the six
possible behaviours for this system. It turns out that a large
fraction of the phase switching diagram is occupied by the
transition from a pure isotropic to a pure nematic state.

A rotaxane is a “wheel and axle" molecule!=3, where a ring is
threaded onto an axle that is capped with stoppers at both ends to
prevent the ring from falling off. Such mechanically or topologi-
cally interlocked molecules have been synthesized for many years
and represent a very active area of chemical synthesis. Chemists
have designed these rotaxanes to act as a 2-state switch: they
build 2 different “stations" or attractive sites into the axle and en-
tice the ring to reside at one or the other station, depending upon
external influences. The external influence, can be due to pH*
and ion interaction, redox reaction®, solvent quality, or light>-°.
Many examples are given in the review by Bruns and Stoddart>.
A rigid rod attached to the moveable ring provides one way to
monitor or control this internal switch: using AFM, Brough et al.”
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measured the work required to mechanically push a ring off of =
attractive station and Sevick & Williams® predicted how such a
rotaxane, loaded with inert rings that freely translate on the axle,
acts as a molecular-scale shock absorber. As the rod is of the samc
length as the axle (or larger) switching also brings about a con-
siderable change in the dimension of the molecule (Fig. 1) anc
this switchable molecular size can create interesting new smar.
fluids. In this communication, we describe quantitatively how «
solution of 2-state rotaxane switches, appended with a rigid rods.
provides externally switchable liquid crystalline phase transitior-.
There has been some previous work on Liquid crystalline rotax-
ane systems 211, but our study is very different.

Liquid Crystals are solutions of anisotropic molecules whicl,
flow like a liquid, but can have phases which possess differen.
degrees of molecular orientation '2. They come in many different
forms. Here we examine a lytotropic system where a solution o1
rods undergoes the transition. In dilute solutions, the fixed-size 1
anisotropic molecules have no long-range translational or orien-
tational order - the solution of molecules is isotropic. Howeves,
with increased concentration a nematic phase appears where the
molecules have no long-range translational order, but self-alioy
to have directional order along their long axis '2. The importa it
point for applications is that the aligned nematic phase is birefrin-
gent, and can be easily detected optically using cross polarised
filters. This fact, and their alignment by electric fields is the basis
of liquid crystalline displays.

The usual transition from isotropic to nematic is based either on
increasing the concentration (lyotropics) or decreasing the tem-
perature (thermotropics). In this paper we show that, for a ly-
otropic system, by keeping the concentration fixed, but switching
the rod length, we can easily transition from an optically inactive
isotropic phase to a birefringent nematic phase. This gives us a
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Fig. 1 (A): Anillustration of a [2]-rotaxane with attractive stations
(denoted by red & green) built into the axle and a rod attached to the
interlocked ring in (left) the short state, and (right) the long state. The
reversible switching between short and long states provides an added
mechanism to switch between an isotropic and a nematic liquid
crystalline phases, which exhibit strikingly different optical properties.

(B): The simplified model of this structure where a cylinder extends from
alength L to alength gL, at fixed diameter d.

system whose bulk optical properties can be externally switched.

Our quantitative calculation is based upon Onsager’s classi-
cal treatment '3, applied to a simple model of a 2-state rotax-
ane switch. OnsagerOs theory assumes a solution of volume-
excluding rods where the solvent fills the space surrounding the
rods. Alignment of the rods leads to a decrease in rotational
entropy but may also increase the volume available for place-
ment of the rodOs center of mass, or in other words, may in-
crease the translational entropy. OnsagerOs theory captures this
competition between rotational and translational entropy over a
concentration range of rods of fixed length. In our extension of
this model, we consider a molecular switch that has two possi-
ble states, long and short, depending upon the residential station
of the ring With the rod and axle of the same length, and with
the stations placed near the ends of the axle, the extent of the
molecule can switch from length L to length ¢L. In our descrip-
tion, we limit the ratio of long to short states to 1 < g < 2 although
g can be increased beyond 2 by linearly concatemerizing several
such switches into a daisy-chain of extendable molecules. We
assume that the switching action is 100% efficient: that is, the
switches are all in either the short state or long state and there
is no mixture of switch states. Analysis of a more complicated
"polydisperse" systems is possible 14, but for simplicity is avoided
here in this first study.

The physics is essentially as follows. Consider the molecules as
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hard rods of length L, and diameter d. We assume only hard body
interactions between the molecules. The model does have a sol-
vent, but this is implicit, just as in the Flory theory for polymers -
the effect of all the solvent and rod interactions is assumed to pro-
duce a hard-body interaction between the rods. The model does
not rely on the chemical details of the solvent or the rods, and en-
compasses any system with effective hard-body interactions. At
low concentrations ¢ (number of molecules per unit volume), the
molecules do not touch each other and do not interact. They thus
minimise their free energy by maximising their entropy. Each rod
has both translational entropy (associated with where in space its
centre of mass is located), and rotational entropy (associated with
the direction in which it points in space). At low ¢ the cylinders
thus are found distributed randomly throughout their container
and point in random directions. This is the isotropic state. At
higher concentrations the cylinders begin to interact. However,
we have hard-body interactions and no overlaps are allowed. We
now imagine two rods which are close to each other. The hard-
body interactions imply that the only terms in the free energy
are entropic. When two cylinders approach each other they suf-
fer an excluded-volume interaction, which decreases their trans-
lational entropy. This penalty is lower if the angle between the
cylinder axes, v, is small, i.e. if they are closely aligned. The
cylinders can thus increase their translational entropy by align-
ing. However, aligning, by definition decreases their rotational
entropy, and they are now restricted in the directions they can
point. In order to maximize the total entropy the cylinders adopt
a compromise, and some alignment is the result. Because all the
cylinders can interact in this way this produces a system where
all the cylinders align roughly along one direction, producing a
nematic phase. The degree of alignment is never perfect, but it
increases as the concentration increases.

Experiments, computer simulation, and theory show that the
transition from isotropic to nematic is 1st order, so there is a
sudden jump in alignment from O to some finite value at critical
concentration ¢;. Moreover there is always a coexistence regime,
where isotropic and nematic states coexist in a single sample. Fur-
thermore the concentration of molecules in the nematic state, ¢,
is always greater than c¢;. By gradually increasing c the following
behaviour is observed. At small ¢ the whole sample is isotropic.
As ¢ is increased the whole sample remains isotropic until ¢ is
slightly greater than ¢,. At this point a small volume becomes
nematic. Further small increases in ¢ does not change the con-
centration in either phase, it remains at ¢; and ¢,. All that occurs
is that the volume of the nematic phase gradually grows at the
expense of the isotropic phase. Eventually when ¢ = ¢, the en-
tire sample is nematic. Beyond this point any further increase in
concentration leads to nematic phase with the concentration c.

This system is analogous to that of a hard sphere fluid with at-
tractive interactions between the spheres. For a closed container,
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at low densities a gas phase is formed. As more material is added
the gas density increases, until at a critical density a small section
of the liquid phase forms in coexistence with the gas phase. As
still more material is added the liquid phase increases in size but
the gas and liquid phases each have constant density. Eventually
all the container is liquid, and further addition of material merely
increases the density of the liquid. The gas phase corresponds
here to the isotropic phase, and the liquid phase to the higher
density nematic phase.

We will not reproduce the calculation for the concentrations c;
and ¢, here 1*~1>, We note in passing that the excluded volume
between two rods at an angle y is 2L2d|siny|. This is very different
from the volume of a rod %dZL, by a factor of ~ L/d, so that in the
isotropic state a rod affects a volume much larger than its actual
volume . We would thus expect that the critical concentrations ¢;
and ¢, would be roughly ~ 1/(L?d). We shall use the results of

the exact numerical solution 14:

c1 =3.290(L%d)Y ¢y =4.191(L%d) ! (1)

}f
2 /
}f —
2 /

Fig. 2 The initial isotropic phase (left} and final nematic phase (right)
associated with (A) increasing molecular concentration at fixed
molecular length, and (B) increasing molecular length at fixed molecular
concentration. At left is the isotropic phase, where the rods point in all
directions. At right is the nematic phase where the rods preferentially
point in one direction. This transition is usually accomplished by
increasing the concentration, as in (A). Here we show that it is possible
to switch between isotropic and nematic by increasing the rod length
(B), via the use of a rotaxane.

It is helpful to define dimensionless critical concentrations as
¢ = ¢1L*d = 3290 and ¢ = ¢;L*d = 4.191. This classical On-
sager treatment tells us that for monodisperse molecular cylin-
ders, there is a purely isotropic phase for the concentration range
0 < ¢ < ¢, an isotropic-nematic phase coexistence region for
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c1 < ¢ < ¢, and a purely nematic phase for ¢ > ¢,. Thus, to af-
fect a transition between phases one uses the rather slow pro-
cess of increasing the concentration of molecules of fixed length
(Fig. 2A). A solution of rotaxane-based switches potentially al-
lows an entirely different and much more rapid way of transform-
ing between phases. Rather than changing the concentration of
molecules, we simply switch each molecule to its more extended
or long state, or back again to its short state, to transform re-
versibly between the phases, (Fig. 2B).

To illustrate this, we use a very simple model of a rotaxanc
based switch (Fig. 1B). We let each rotaxane be represented by
cylinder whose length is either L or gL, i.e. it increases by a factor
q. The cylinder diameter is fixed at d. The only other paramete:
is the the dimensionless number concentration of cylinders ¢* =
cL?d.
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Fig. 3 The phase-switching diagram for this system. We have plotted
the scaled concentration versus the ratio of the two lengths. There are
three possible initial states (isotropic (i), coexisting isotropic and nemati .,
(ni), and pure nematic (n)} and the same final states, leading to six
possible regions in the switching diagram. Although most of the regions
will show a change in optical contrast using crossed polars, the region c.f
most interest is shaded in red, where a transition from pure isotropic tc
pure nematic is predicted.

The initial system, before switching is a monodisperse collec-
tion of cylinders of length L, diameter d and concentration c*.
This system could be in three different regimes, depending on the
concentration cj as given by equation (1). For low concentrations
¢} < 3.290 we have a pure isotropic phase, labelled (7). For inter-
mediate concenetrations 3.290 < ¢j < 4.191 we have coexisting
nematic and isotropic phases, (ni), while for high concentrations,
¢; >4.191 there is a pure nematic phase (n), or
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i ¢} <3.290
3.290 < ¢7 < 4.191
n ¢} >4.191

Short State = < nj

2

We now switch the rotaxane to the long state, so that each
cylinder now has a length gL, but the same diameter d. The con-
centration of cylinders is still the same, ¢, but crucially, the scaled
concentration is now c; = ¢*c;, i.e. the scaled concentration
(which determine the particular regime the system is in), is now
a factor of ¢* higher. Again, in the switched state we have the
same possible 3 regimes (i,ni,n) depending on ¢;:

i ¢ <3.290/q
Long State = ¢ ni  3.290/¢* < ¢} < 4.191/4*
no ¢ >4.191/4

€)

At constant concentration and upon complete switching of all
molecules from short to long states, there are 6 possible reversible
transitions: i — i, i — ni, i — n, ni — ni, ni —n, and n — n.
Each of these transitions is reversible by switching the molecules
back to their short states. We can represent these transitions
on what we call a “phase-switching diagram" which given the
two parameters ¢ and ¢j allows us to determine what the ini-
tial and final states will be. To draw such a diagram all we need
are the two equations (2) and (3). We draw the four curves:
¢; =3.290,4.191,3.290/¢%,4.191 /4. These delineate the 6 regions
Fig 3.

As can be seen from the switching diagram, all the theoreti-
cal processes are in fact possible, i.e. there are 6 regions in the
diagram. The most important region is the large region associ-
ated with i +> n switching: As this transition is between 100%
isotropic and 100% nematic phases, it provides the greatest opti-
cal contrast. The bordering i <> ni region is also of interest as the
transition is between an 100% isotropic phase and some nematic
phase which would also provide optical contrast. The diagram
also shows that the minimum length of the long state that is re-
quired for the easily observable i — n transition corresponds to
gmin = 1.13, which can be found by solving ¢} = 3.290 = 4.191/4¢°.
For a ¢ ratio lower than this, it is not possible to undergo the
transition from a pure isotropic to a pure nematic state, although
a transition from a pure isotropic to a coexisting nematic-isotropic
state is certainly possible. We also see that the i <+ n transition oc-
curs at lower concentrations as g, the ratio of extension in the
long to short state, increases. Optical contrast is still expected in
switching regions ni <+ ni, i +> ni, and ni <> n, because each of these
regions leads to a change in the fraction of the sample which is
in the nematic phase. The transition n — n might seem like it is
rather uninteresting. However, in fact this transition involves an
increase in order. The typical angle from which a cylinder devi-
ates from the mean is'3 6 ~ 27~ !/2(L2dc)~!. Thus by increasing
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the length by factor ¢ the angular variation decreases by a factor
of g72. As a general rule, as long as we are not in the region
where i <+ i, we will always see some increase in optical contrast.
In other words, to see an increase in contrast we need to have
c; >3.290/4%.

It is important to ask if our model systems have significant
overlap with experimentally accessible systems. In particular, we
require a ratio of long to short states, ¢ at least of 1.13, in or-
der to see the most startling transition of i <> n, i.e. going from
no nematic to all nematic.
survey of molecular switching systems which undergo extension.
They list 22 systems (their table 2) with q values ranging from
1.19 to 3. The length cited for ordinary liquid crystals!2 is 300
Angstroms, which is of the same order as many of these listed
switching systems. This is good indication that the liquid crys-
talline switching transitions that we predict are feasible. None
of the molecules mentioned by Bruns and Stoddard are perfectly
rigid; conformational fluctuations provide flexibility and fluctu-
ations in the length of the axle. However, the theory used here
is still valid, provided the molecule does not become very flexi-
ble. i.e. the length fluctuations are small in comparison to the
change in length caused by the switching of the molecule. The
issue of extreme flexibility has been examined by Khokhlov and
Semenov !¢ and Odijk 1> who have shown that even in the case of
polymeric systems with rigid elements connected by flexible spac-
ers, a nematic transition is possible. Moreover, for thermotropic
systems there are many examples of main-chain liquid crystalline
polymers.

From the experimental point of view it would be useful to have
the concentrations in molarity. The typical critical concentration
(in units of number of rods per volume) is ¢y = L™2d~'. If we
say that a typical molecule is A angstroms long and § angstroms
in diameter, then converting from cubic metres to litres gives us
the number of molecules per litre as ny = 1073/(12810739). The
number of moles per litre is then ny = 1667/(128). With A = 100
and 6 = 2 we find a molarity of ny = 0.08, as the typical scale.
With rods 10 times as long, the typical molarity is reduced by a
factor of 100.

The model used here still suffers from some well-known lim-
itations. The first is that the rod and axle are parallel to each
other. In the case where they are at an angle, or where the an-
gle could fluctuate, the theory would need to be modified. The
second, and more involved assumption is that all interactions are
those of hard-bodies. Although this is the traditional assump-
tion in lyotropic liquid crystalline systems, in reality there will be
dispersion forces between the rods which often promote the for-
mation of liquid crystalline phases. Despite these limitations our
calculations suggest that a system of rod-like rotaxanes can form
the basis of a solution capable of rapid optical switching.

. Bruns and Stoddart® have done a

In conclusion we have shown using a simple model that it
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should be possible to switch between isotropic and nematic so-
lutions using a rotaxane system, without changing the concentra-
tion. This could be done rapidly, for example using an optical
trigger for the switch. In practice this is most likely to be seen
with a long molecule which is relatively stiff, which undergoes
an extension by at least a factor of 1.2 and cross-polarised filters
must be used to see the effect.
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