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Short State =















i c∗L < 3.290

ni 3.290 < c∗L < 4.191

n c∗L > 4.191

(2)

We now switch the rotaxane to the long state, so that each

cylinder now has a length qL, but the same diameter d. The con-

centration of cylinders is still the same, c, but crucially, the scaled

concentration is now c∗qL = q2c∗L, i.e. the scaled concentration

(which determine the particular regime the system is in), is now

a factor of q2 higher. Again, in the switched state we have the

same possible 3 regimes (i,ni,n) depending on c∗L:

Long State =















i c∗L < 3.290/q2

ni 3.290/q2 < c∗L < 4.191/q2

n c∗L > 4.191/q2

(3)

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 q and c∗L 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:

c∗L = 3.290,4.191,3.290/q2,4.191/q2. 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

qmin = 1.13, which can be found by solving c∗L = 3.290 = 4.191/q2.

For a q 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 q, 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 is13 θ ≈ 2π−1/2(L2dc)−1. Thus by increasing

the length by factor q the angular variation decreases by a factor

of q−2. 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∗L > 3.290/q2.

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, q 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. . Bruns and Stoddart5 have done a

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 crystals12 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

Semenov16 and Odijk15 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 cT = L−2d−1. If we

say that a typical molecule is λ angstroms long and δ angstroms

in diameter, then converting from cubic metres to litres gives us

the number of molecules per litre as nT = 10
−3/(λ 2δ10

−30). The

number of moles per litre is then nT = 1667/(λ 2δ ). With λ = 100

and δ = 2 we find a molarity of nT = 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.

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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