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A quite simple, achiral benzo-21-crown-7-substituted bis(urea) low-molecular weight gelator

hierarchically assembles into helical fibrils, which further develop into bundles and finally form a stable

gel in acetonitrile. The gel–sol transition can be controlled by three different molecular recognition

events: K+ binding to the crown ethers, pseudorotaxane formation with secondary ammonium ions and

Cl� binding to the urea units. Addition of a cryptand that scavenges the K+ ions and Ag+ addition to

remove the chloride and bases/acids, which mediate pseudorotaxane formation, can reverse this process.

With the gelator, and these chemical stimuli, a number of different systems canbe designed that behave as

logic gates. Depending on the choice of components, OR, AND, XOR, NOT, NOR, XNOR and

INHIBIT gates have been realized. Thus, the gel–sol transition as a property of the system as a whole is

influenced in a complex manner. For some cases, the type of logic gate is defined by input signal

concentration so that an evenmore complex reaction of the gel towards the two input signals is achieved.
Introduction

Until recently,1 chemists were educated to synthesize and char-

acterize pure compounds and to investigate them in a very

restrictive, well-controlled experimental setup with a strongly

reductionistic attitude. However, neither the metabolism of a cell

nor many of the functional materials existing nowadays operate

in such a reductionistic manner. Understanding the complexity

of, for example, the regulation of a cell’s metabolism requires

a more detailed description on the systems level. An analysis of

the network topologies between the many molecules present in

a cell and their reactivity relations is at least equally important as

knowledge about individual components involved in the network

or single reactions between them.

With the introduction of the term ‘‘systems chemistry’’1,2 in

2005, a change of paradigmwas introduced to chemistry. Systems

containing many different components that are interrelated

became the focus in quite a number of studies. Different fields of
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research joined forces and diverse topics were investigated beyond

pure molecules – for example, cascading transformations in

subcomponent self-assembly,3 self-sorting in supramolecular

systems,4 the adaptive behavior of dynamic combinatorial

libraries (DCLs)5 or self-replicators that feed on DCLs.6 Emer-

gence and self-organization7 occurs in chemical systems, when

a flow of energy keeps the system away from the thermodynamic

minimum and when non-linearity is introduced through autoca-

talysis. The Belousov–Zhabotinski reaction8 is a prominent

example of a chemical system in which autocatalysis leads to

oscillations between two catalyst redox states. This reaction has

been used to affect the viscosity of gels9 and to induce directional

transport of macroscopic particles on the surfaces of gels.10 All of

these studies focus on chemical networks, i.e. complexmixtures of

interacting components that affect the binding and reactivity

of each other. Such networks can be based on covalent or

non-covalent bonds between molecules, as realized in dynamic

combinatorial chemistry11 and self-assembly.12 On a more

abstract level, they can also be reactivity networks that are best

described through a system of differential equations for the

formation and consumption of each individual component.

In this contribution, we report the properties of the low-

molecular weight bis(urea) gelator 3 (Fig. 1), which is equipped

with two benzo-21-crown-7 moieties.13,14 Its sol–gel transition is

sensitive to several different chemical signals and can be

controlled by complexation of guest ions, such as K+, ammonium

ions 5 and 6 or the addition of anions, like Cl�. Controlling

molecular assembly – in this case, the sol–gel transition – is

a prerequisite for designing smart materials. They need to possess

selective molecular recognition properties that allow them to
Chem. Sci., 2012, 3, 2073–2082 | 2073
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Fig. 1 Molecular structures of bis(urea) derivatives 1–4, and mono- and

divalent secondary ammonium axles 5 and 6.
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respond to environmental signals.15 In particular, there is

a growing interest in endowing supramolecular gels16 with

stimuli-responsive functionality that could be the basis of smart

pharmaceuticals, cosmetics and sensors.17 Gelators responsive to

light, heat, anions and other changes in the chemical environ-

ment have already been reported.18 Controlling gelation by host–

guest interactions, however, still poses a challenge.19 Several

seminal pieces of research have proven the great potential of

introducing macrocyclic cavities in supramolecular gels,20 which

can be used as a novel way to build-up and break-down supra-

molecular gel structures to introduce responsive functionality, or

to enhance selectivity in applications, such as catalysis. In the

present study, we show that systems can be constructed that are

comprised of gelator 3 and, in addition, several other compo-

nents. Depending on the selection of these components and thus

on the composition of the chemical system, different logic gates21

can be constructed in which two chemical input signals are used

to control the sol–gel transition.22

The benzo-21-crown-7 ether has been chosen for our study not

only because crown ethers have been extensively studied as ion

binders and molecular scaffolds for materials and biological

models in general,23 but also because it particularly represents the

smallest crown ether capable of forming pseudorotaxanes with

secondary dialkylammonium salts that thread through its

cavity.24,25 This ammonium ion recognition has also been used to

construct supramolecular architecture based on the concept of

integrative self-sorting.26 Thus, a very interesting aspect of

benzo-21-crown-7 is that its cavity size is not only small enough

for sufficiently strong crown–alkali metal binding, but also large

enough for pseudorotaxane formation. Thus, several different

inputs can be expected to provide a more complex control of the

gelation properties of 3 by chemical stimuli.
Fig. 2 Gelation properties of 1–4 in acetonitrile (2.5 wt%): 1: precipitate;

2: partial gel; 3: gel; 4: opaque gel. The table summarizes the gelation

properties of 1–4 in different solvents (I: insoluble, Ia: suspension, S: clear

fluid solution, Sb: remains clear solution at room temperature after

warming to become clear, PG: partial gel (very viscous fluid), Gel: gel).
Results and discussion

Gelation properties of bis(urea) derivatives 1–4 in different

solvents

When trying to synthesize pseudorotaxanes from the bis-crown-

substituted bis(urea) derivative 3, we recognized that this

compound forms a gel in acetonitrile (Fig. 2, bottom left).27 It

starts to form a viscous fluid at a concentration of 0.6 wt% and
2074 | Chem. Sci., 2012, 3, 2073–2082
the critical gelation concentration (cgc), below which no gel

forms, was calculated to be 2.2 wt%. In other solvents, such as

methanol, chlorinated organic solvents and acetone, this

compound yields partial gels. In contrast, it remains soluble in

DMSO after dissolution at higher temperatures, even when

cooled back down to room temperature. Several derivatives

without crown ether substituents (1), with the smaller 18-crown-6

(2) or unsymmetrically substituted 4 were also tested. Surpris-

ingly, 1 failed to form a gel in any of the tested solvents (Fig. 1)

and remained insoluble, forming suspensions in most of them.

The same is true for 2, with the exception that it forms a partial

gel in acetonitrile. Compound 4 also gelates in this solvent. Thus,

the bis(urea)-substituted derivative with two smaller benzo-18-

crown-6 ethers does not have the same tendency towards gelation

as 3, but a single benzo-21-crown-7 ether unit in 4 is already

sufficient to form a stable gel. These observations imply that the

presence of the benzo-21-crown-7 moieties is important to

promote the gelation process. As gelator 3 showed the best

gelation properties in acetonitrile, this gel was selected for a more

detailed study.

Hierarchical self-assembly of compound 3 upon gelation in

acetonitrile

Previous studies of linear and cyclic bis(urea) gelators revealed

that an antiparallel arrangement of the two urea groups is pivotal

for gelation, while a parallel arrangement prevents it.28,29 We

assume (Fig. 3a) that this holds true for gelator 3 as well based on

three arguments besides the analogy to the other bis(urea) gela-

tors. a) The NH-stretch vibration appears at 3318 cm�1 in

a chloroform solution, where the urea units form hydrogen

bonds with each other. The IR spectrum of the gel of 3 in

acetonitrile exhibits this band at 3319 cm�1, indicating that the

bifurcated hydrogen bonds between the urea units still exist

(ESI†, Fig. S19. b) Calculations nicely show this motif not only

to be feasible, but also to result in a helical arrangement, which is

experimentally observed in the AFM experiments discussed

below. First, a hexadecamer of the core of gelator 3 with the

crown ethers omitted was optimized at the semiempirical AM1

level of theory, as implemented in the CaChe program package30

(Fig. 3a). The helical arrangement is due to the incommensura-

bility of the urea–urea distance (ca. 4.7 �A) and the optimal

phenyl–phenyl stacking distances (ca. 3.7 �A), which leads to
This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c2sc01018f


Fig. 3 (a) The core of a hexadecamer of 3 calculated at the AM1 level of

theory. Clearly, the bifurcated hydrogen bonding between the urea

molecules contributes significantly to the interactions in the stacks of the

gelator molecules. (b) Top and (c) side views of an MM3 force-field

optimized structure of a complete hexadecamer of 3. Van der Waals

interactions between the crowns likely contribute to the stabilization of

the stack. The helicity is a result of the urea–urea distances, which do not

exactly match the optimal phenyl–phenyl stacking distance and, thus,

leads to tilting of the phenyl groups, which induces helix formation.
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tilting of phenyl groups relative to the helix axle, which maxi-

mizes their mutual interactions. Then, this optimized structure

was re-equipped with the 21-crown-7 ethers and the hexadecamer

re-optimized with the MM3 force field implemented in the same

program (Fig. 3b,c). The crown ethers apparently do not inter-

fere with the helical arrangement of the gelator, but rather

increase the Van der Waals interaction surface and thus stabilize

the assembly. c) Each urea unit has a dipole moment, which add

up along the band through the helix to yield an overall dipole

moment along the helix. The anti-parallel arrangement makes

sure that the overall dipole moments of the two bands more or

less cancel each other out and is energetically more favorable.

Thus, the first step in the hierarchical assembly process leads to

stacks of the gelators through which two bands of hydrogen-

bonded urea units run in opposite directions.

Atomic force microscopy (AFM) reveals details of the

morphology of the gel-state of 3. In AFM experiments

performed with samples of 3 in acetonitrile (2.5 wt%) that were

spin-coated at 5000 rpm for 20 min. on freshly cleaved mica,

networks of long, uniform and straight fibers were observed with

fiber lengths of several tens of micrometers (Fig. 4b). This image

also reveals the formation of entangled helical coiled-coil fibers

with both right-handed (P)- and left-handed (M)-helicity. The

helices are all more or less linear and only rarely exhibit any kinks

or curves. Therefore, they appear to have a quite high flexural

rigidity. Helix formation from achiral 3 can be explained by

a preference for anisotropic unidirectional growth,31 which gives

rise to fibrils with long-range chiral order.

Due to the strong overlap of the many fibers in the sample

shown in Fig. 4b, section analyses aiming at measuring the

diameter or the helical pitch of these fibers are not straightfor-

ward. Therefore, a less concentrated sample (0.25 wt%) was

examined. This concentration is below the critical gel
This journal is ª The Royal Society of Chemistry 2012
concentration, but analogous fibers are still formed. Spin-coating

this sample on mica generated fibers that are well-separated from

each other so that height profiles can easily be determined with

the AFM tip (Fig. 4c). The section analysis across the thicker

helical fibers results in a height of ca. 8.6 nm (Fig. 4d). Similar

values have been obtained from sections through other fibers

(ESI†, Fig. S19†). An interesting finding is the observation of

thinner fibrils (Fig. 4d), the height of which of 4.2 nm is close to

half that of the thicker fibers and not much larger than the overall

length of a stretched-out conformation of a monomer of 3. From

these experiments, we conclude that achiral monomers of 3 first

pre-aggregate into hydrogen-bonded dimers or oligomers as

small chiral supramolecular units. These units further follow

a nucleation-growth pathway31b and yield fibrils. The thicker

fibers – the bundles in Fig. 4a – then form from laterally

assembling several of these fibrils, which coil around each other.

The diameter of twice that of one fibril suggests that each bundle

forms from two or potentially four fibrils. Based on our AFM

experiments, it is, however, not possible to clearly distinguish

both possibilities. Height profiles along the fibrils reveal a helical

pitch of 44–50 nm for the fibril and of ca. 44 nm for a bundle

(ESI†, Fig. S20). Finally, entanglement of the bundles forms

the gel with its small, solvent-immobilizing cavities. Similarly

well-defined helical fibers have recently been observed for an

n-type perylene bisimide organogelator.32

On a macroscopic level, the gel of 3 in acetonitrile is charac-

terized by somewhat concentration-dependent gel–sol transition

temperatures, Tgs, that range from 355 K for a gelator concen-

tration of 20.8 mM to 367 K for a 84.0 mM gel (ESI†, Fig. S21).

This is in line with differential scanning calorimetric experiments

(ESI†, Fig. S22), which show evaporation of acetonitrile, but

below 353 K do not show any signal for the gel–sol transition.
Stimuli-responsiveness of the gel obtained from gelator 3 in

acetonitrile

The crown ether substituents can bind cationic guests and, thus,

one might expect triggering the gel–sol transition to be possible

by the addition of appropriate guest molecules. Potassium ions

bind to the benzo-21-crown-7 ether and secondary ammonium

ions can slip through their cavities to form pseudorotaxanes. The

stimuli-responsive behavior of crown-bis(urea) gel 3 was inves-

tigated first by adding KPF6. When 1.0 eq. of K+ ions was added,

the gel phase remained stable, although AFM experiments

showed its morphology to undergo significant changes upon

cation binding. The fibers get shorter and appear brush-like.

Consequently, the addition of 1 eq. of K+ mutates the gel into

a gel with a different fiber network rather than leaving the

original gel unchanged. The gel then starts to collapse upon

a progressive addition of more than 1.0 eq. of K+ and after the

addition of a second equivalent, it was transformed into

a homogeneous solution. Subsequent addition of a competitive

host for the potassium ions, i.e. the [2.2.2]cryptand, to the sol

regenerates the gel. This gel–sol phase transition cycle is shown in

Fig. 5 (top row). It can also be followed by 1H NMR spectros-

copy (ESI†, Fig. S24). While the gel exhibits aggregation-

broadened signals, those of the sol are rather sharp. Also, typical

signal shifts33 occur because of the coordination of the K+ ion to

the crown ether. After cryptand addition, the initial gel spectrum
Chem. Sci., 2012, 3, 2073–2082 | 2075
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Fig. 4 (a)Gel formation through the hierarchical self-assembly of 3. (b)AFMimage (amplitude error, 1� 1mm)of a solutionof 3 in acetonitrile (2.5wt%)

spin-coated on freshly cleaved mica and afterwards dried by evaporation of the acetonitrile. Clearly, helical fiber bundles with (M)- and (P)-helicity are

observed. (c)AnAFMheight imageof amoredilute sample (0.25wt%) andheight profiles (d) across twobundlesof ca. 8.6 nmdiameter, (e) across a fibril of

ca. 4.2 nm diameter and (f) along two fibrils with 50 nm and 44 nm helical pitch. The positions of these measurements are color-coded in image (c).
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is retained. Consequently, occupying almost all crown ethers

with K+ gives rise to strong charge repulsion, which finally leads

to a dissociation of the fibers in the gel. However, since bis(urea)

gelators are known to be sensitive to anions that interfere with

the urea–urea hydrogen bonding,27e any interference from the

weakly interacting PF6
� counterion with gelation must be ruled
Fig. 5 Photographs of supramolecular gel 3 (2.5 wt% in acetonitrile) and

its gel–sol transitions controlled by K+ cation binding (top) and the

formation of pseudorotaxane structures with mono- and divalent axles 5

and 6 (center rows). The two secondary ammonium ions further exhibit

reversible acid/base responsiveness. Finally, the addition of chloride

triggers a gel–sol transition and can be reversed by precipitation of KCl

or AgCl (bottom). Letters identify the gels in the rheology section below.

2076 | Chem. Sci., 2012, 3, 2073–2082
out to exclude this anion as the trigger of the gel–sol transition.

The experiment was thus repeated with NEt4PF6. As no gel

destruction was observed in this experiment (ESI†, Fig. S25),

a significant effect of the PF6
� anion does not exist and we can

conclude that the potassium ion binding to the crown ether

triggers the gel–sol transition. Instead of the [2.2.2]cryptand,

18-crown-6 can also be used to remove the potassium ions and to

restore the gel.

Next, the formation of pseudorotaxanes was tested as a stim-

ulus for gel–sol transitions. In analogy to the potassium ions, the

addition of one equivalent of monovalent guest 5 to the gel 3 did

not cause a gel–sol transition. The addition of a second equiva-

lent of 5, however, eventually switches the gel to the sol.

Accordingly, complex formation of 5with the crown and the gel–

sol transition cause considerable changes in the corresponding

NMR spectra (Fig. 6, top). Starting with the gel state of 3, broad

signals are observed (spectrum a), which sharpen significantly

and in part shift upon the addition of two equivalents of 5

(spectrum b). Once, 5 is present in the sample, the sol–gel and

gel–sol transitions can be triggered reversibly by the addition of

triethylamine (TEA) as a base that deprotonates and thus

unthreads 5 from the crown ether and trifluoroacetic acid (TFA),

which causes re-protonation and re-threading (spectra c–e).

When the same complexation experiments were carried out with

dibenzylammonium hexafluorophosphate (Fig. 6, bottom) to 3,

no gel–sol transition was observed and the gel was maintained.

This control experiment not only demonstrates again that the

PF6
� counterion does not interfere with gel formation. It also

clearly shows that pseudorotaxane formation is the reason for the

sol–gel transition, when 5 is added. The phenyl group is too large

to penetrate the benzo-21-crown-7 cavity and thus pseudo-

rotaxane formation is impossible with dibenzylammonium ions.
This journal is ª The Royal Society of Chemistry 2012
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Fig. 6 Top: partial 1H NMR spectra (500 MHz, CD3CN, 298 K): (a)

compound 3 (5.2 mM) in its gel state. (b) The spectrum obtained after

adding 5 (2.0 eq.) to solution (a). Spectra obtained (c) after addition of

base (2.2 eq. TEA) to solution (b), (d) after addition of acid (2.0 eq. TFA)

to solution (c) and (e) after addition of another 2.0 eq. of base (TEA) to

solution (d). (f) Free 5. Bottom: photographs of gelator 3 (20.8 mM in

CH3CN) and the mixture obtained after adding 2.0 eq. of dibenzyl

ammonium hexafluorophosphate. Since the phenyl group is too large to

penetrate the crown ether, no pseudorotaxane forms and the gel persists.

Pu
bl

is
he

d 
on

 2
1 

M
ar

ch
 2

01
2.

 D
ow

nl
oa

de
d 

by
 T

U
 B

er
lin

 -
 U

ni
ve

rs
ita

et
sb

ib
l o

n 
31

/0
3/

20
16

 0
7:

44
:1

8.
 

View Article Online
All other potential interaction modes, such as side-on coordi-

nation to the crown or hydrogen bond formation with the urea

carbonyl oxygen atom, would be possible with both secondary

ammonium ions. Consequently, the clear difference in the

behavior of the gel towards these two guests indicates that indeed

pseudorotaxane formation mediates the gel–sol transition. The

same findings were made with divalent guest 6, which can thus

also be used as a trigger for the gel–sol transition (Fig. 5, third

row and ESI†, Figs S27–S29).

Finally, chloride ions were tested as the trigger, since it is

known that breaking the urea–urea hydrogen bonding by suit-

able anions can induce gel–sol transitions.18b The addition of two

equivalents of NEt4Cl, however, only leads to some shrinking of

the gel and leakage of part of the solvent included in the cavities

between the gel fibers. If one adds 4.5 equivalents of NEt4Cl

instead, the gel is converted into a precipitate-containing sol

(Fig. 5, bottom). This gel–sol transition can be reversed by the

addition of KPF6 or AgPF6. KCl or AgCl precipitate, the

NEt4PF6 side-product does not affect gel formation and, thus,

the gel is restored. As the photographs in Fig. 5 show, the

product gel obtained at the end of this cycle is more opaque than

the starting gel due to the precipitated KCl.
This journal is ª The Royal Society of Chemistry 2012
Rheological characterization of the gels

All gels in Fig. 5 were examined with rheological experiments.

Oscillatory measurements were performed with a Malvern

(Bohlin) Gemini rheometer employing a plate–plate geometry at

a constant temperature of 25 �C with a fixed deformation of 0.01,

thereby ascertaining to work in the linear viscoelastic regime

(see below and Fig. 7d). The two examples shown in Fig. 7a – the

native gel A and sample I – both show quite constant storage and

loss moduli G0 and G0 0. G0 is significantly larger than G0 0, which
demonstrates that these gels are dominated by their elastic

properties and show the typical behaviour of a Bingham fluid,34

which is usually observed for organogels.35

Fig. 7b shows the elastic storage modulus G0 for all samples

investigated to be in the range of 1 � 103 to 3 � 104 Pa and

reveals the conventional increase with increasing frequency for

most of the samples. Interestingly, the gels recover their original

rheological behavior, even after the addition of salts that induce

a gel–sol and a subsequent sol–gel transition, indicating the

network structure to be fully recovered after the switching cycle.

The elastic properties of the samples after returning to the gel

state (C, E, G,H and I in Fig. 5) are even more pronounced than

for the original gel (except for E, which shows the same value).

This increase is not enormous, but clearly visible and indicates

that the network formation in these gels is even more effective

than in the original structure. This points to a situation where

more network points are created in the gel as compared to the

situation before the switching cycles. From the elastic modulus

one may also estimate an effective number density 1N of elastic

network points based on the relation G0 z G0 ¼ 1N$k$T. From

the values given here, one arrives at approximately one network

point per (5.5–16 nm)3. This can be considered a rheologically

relevant structural size of the elastic network.

Looking at the ratio G0/G0 0 (Fig. 7c), which is a measure of the

relative elasticity of the gel compared to its viscous properties,

one finds relatively similar values for all samples that are rather

independent of the oscillation frequency. Here, the original gel

represents about the upper limit for the observed values. This

means that it has relatively the most pronounced elastic prop-

erties. For gels C, E, G, H and I, one finds higher values for G0,
but at the same time they reveal an even more pronounced

increase of energy dissipation, as evidenced by the even higher

increase of the values of G0 0.
Finally, Fig. 7d shows an example of an amplitude scan taken

with the samples in order to determine the linear viscoelastic

regime. A constant value of the moduli is observed up to

a deformation of 0.01 and, accordingly, this deformation was

chosen for the oscillatory experiments. However, for deforma-

tions higher than 0.01 one observes a significant weakening of the

gel properties, i.e., the network is broken up already at rather

small deformations.
Construction of logic gates

With the different reversible inputs available – i.e. alkali cation

binding, urea hydrogen bonding to anions and pseudorotaxane

formation – and with different ways to reverse these signals – i.e.

cation chelation, anion precipitation and the deprotonation of

secondary ammonium ions – logic gates can be constructed,
Chem. Sci., 2012, 3, 2073–2082 | 2077
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Fig. 7 Rheological characterization of the gels under study. Letters

denote the gels as shown in Fig. 5. (a) Storage (G0, squares) and loss (G0 0,
circles) modulus as a function of the oscillation frequency f for the

native gel A (open symbols) and sample I (full symbols) after the

addition of NEt4Cl and AgPF6. (b) Elastic storage modulus G0 as

a function of the oscillation frequency f for all samples. (c) The G0/G0 0

ratio as a function of the oscillation frequency f for all samples. (d)

Storage modulus G0 and loss modulus G0 0 as a function of the defor-

mation at a frequency of 1 Hz.

2078 | Chem. Sci., 2012, 3, 2073–2082
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which connect two different inputs to the gel–sol or sol–gel

transition as the output. Fig. 8 and 9 show the results of experi-

ments aiming at the construction of OR, AND, XOR, NOT,

NOR and XNOR gates. Three of them are based on gelator 3

only (Fig. 8). The other three (Fig. 9) use gelator 3 together with

suitable additives that extend the range of possible inputs. Two

pairs of inputs – the addition of K+ and that of Cl� in the XOR

gate on one hand and the addition of K+ and Ag+ in the XNOR

gate on the other hand – are interrelated and affect each other.

All gates presented in the following are based on the same

output assignment: the gel state corresponds to ‘‘0’’, the sol state

to ‘‘1’’. The assignment can be reversed without problems and

would, for example, transfer the NOR gate into an OR gate and

vice versa. Consequently, the choice of assignment is arbitrary

and does not play a crucial role for logic gate construction, but

should be and is used consistently in the following to avoid

confusion.

The OR gate (Fig. 8a) and the AND gate (Fig. 8b) operate

with gelator 3 alone. The starting state is thus a gel (0). Both gates

also use the same inputs. Input I1 corresponds to the addition of

axle 5, input I2 to the addition of KPF6. In order to construct the

OR gate, the addition of 2 eq. of either one input is required.

Adding 2 eq. of 5 induces the gel–sol transition, as does the

addition of 2 eq. of KPF6 and the addition of both. Somewhat

higher concentrations of the two inputs still work. In order to

obtain an AND gate, the concentration of the two inputs needs

to be controlled more precisely. In this case, the addition of 1 eq.

of either one compound alone does not trigger the gel–sol tran-

sition, but if both add up to a total of 2 eq. of crown ether-

binding cations, the sol forms. Consequently, the two gates are

closely related to each other and the concentrations of the inputs

and thus the signal strength determine which gate is realized. The

sequence of signal addition, however, does not cause any

differences in the output (the sol) when both inputs are set.

For the XOR gate, it is necessary to find inputs that cancel

each other out. Consequently, the addition of KPF6 and NEt4Cl

comes into play here (Fig. 8c). A single input destroys the gel, be

it the K+ or the Cl� ion. If, however, both inputs are present, KCl

precipitates and the gel re-forms. As discussed above, the

complete destruction of the gel requires 4.5 eq. of chloride.

Consequently, the same amount of the potassium salt is neces-

sary for reliable operation of the gate. Again, the sequence of

addition of the two signals is not relevant for the final gel state in

the (1,1) case. If one reduces the signal strength to two equiva-

lents of chloride and 2 eq. of potassium ions, the shrinking of the

gel concomitant with some solvent leakage can be induced and

reversed. The XOR gate thus offers again two different switching

processes based on the concentration of the stimuli.

For the realization of a NOT gate, the gelator alone is not

sufficient. However, when it is mixed with two equivalents of 5,

aNOTgate can easily be realized by adding and removing protons

(Fig. 9a). The starting state is a sol (O ¼ 1). If one adds two

equivalents of base (I ¼ 0), the secondary ammonium ion is

deprotonated and deslips. The gel is restored (O ¼ 0). If one

equivalent of acid is added (I¼ 1), the sol remains a sol.Vice versa,

if the gel (O ¼ 0) is treated with one equivalent of acid (I ¼ 1),

the secondary amine is re-protonated and the gel destroyed by

pseudorotaxane formation (O¼ 1), while the addition of another

equivalent of base (I ¼ 0) does not change the gel.
This journal is ª The Royal Society of Chemistry 2012
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Fig. 8 Three logic gates constructed from gelator 3 alone and two input

signals. All gates are based on the same output definition: Gel ¼ 0, Sol ¼
1. This assignment is arbitrary and can be reversed. We have chosen this

definition, because the gates that are based on the gelator alone then are

the simpler ones that do not involve a NOT operation.

Fig. 9 Three logic gates constructed from gelator 3 embedded in (still

simple) chemical systems. For consistency, these gates are based on the

same output definition as those in Fig. 8: Gel ¼ 0, Sol ¼ 1.
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The NOR gate (Fig. 9b) requires a mixture of gelator 3 and one

equivalent of both, KPF6 and 5, as the basis. The two input

signals are the [2.2.2]cryptand and triethylamine. The presence of

a total of two equivalents of cations present in the starting state

breaks the gel and the system exists as a sol initially. The addition

of 1 eq. of cryptand or 1 eq. of base or both remove enough of the

cation to restore the gel.

As the XOR gate, the XNOR gate (Fig. 9c) requires two

interconnected inputs. In this case, the starting state is a sol

generated from gelator 3 and 4.5 eq. of NEt4Cl. Adding the same

amount of either KPF6 or AgPF6 removes the chloride by

precipitation of the corresponding salt. If both inputs are set,

AgCl has the by far lower solubility and scavenges the chloride

anions thus liberating the K+ ions in amounts sufficient to
This journal is ª The Royal Society of Chemistry 2012
destroy the gel. The sequence of addition is not important indi-

cating that adding the silver salt to a gel containing precipitated

KCl still leads to AgCl formation and liberation of the potassium

ions.

To show that gates with three inputs can also be designed, the

INHIBIT gate shown in Fig. 10 was examined. It is based on

the AND gate in Fig. 7b so that the two inputs I1 and I2 are again

the addition of 1 eq. of KPF6 and 1 eq. of 5. The third prohibitive

input signal I3 corresponds to 1 eq. of the [2.2.2]cryptand. In the

absence of the cryptand, the gate operates as the AND gate in

Fig. 8b. However, when the cryptand is added as the third signal,

the output is always the gel state irrespective of the combination

of inputs I1 and I2. Thus, the cryptand blocks the operation of the

gate converting the simple AND gate into an INHIBIT gate.
Chem. Sci., 2012, 3, 2073–2082 | 2079
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Conclusions

In conclusion, we have reported a new supramolecular bis(urea)

gelator, which bears two crown ethers as molecular recognition

units. Three different chemical input signals can be used to switch

the gel to a sol: potassium ion binding, pseudorotaxane formation

with secondary ammonium ions and hydrogen bond formation

to chloride ions. These chemical signals can be reversed by

addition of cryptand as a K+ scavenger, by acids/bases that

switch between the protonation states of the secondary ammo-

nium ion and by addition of KPF6 or AgPF6, which removes the

chloride. Thus, these chemical signals can be used to control the

material’s properties. Rheological experiments show that these

gels possess elastic storage moduli in the range of 1 � 103 to

3 � 104 Pa and the elasticity is retained after multiple switching.

Different logic gates have been constructed on this basis so that

the gel–sol transitions can be addressed by one or two input

signals that are logically interrelated by OR, AND, XOR, NOT,

NOR, XNOR and INHIBIT operations. The system, however,

also has some limitations: despite several attempts, no reliably

operating NAND gate could be found so far based on gelator 3

and the different input signals described in this article.

When one thinks of logic gates at the molecular level,

computers with transistors and memory bits in the nanometer

range come to mind, which would be built by a bottom-up

approach. Of course, using chemical signals as inputs and gel–sol

transitions as outputs for molecular electronics would probably

not be a very wise way to realize such a molecular computer.

Chemical inputs cause by-products that accumulate during

multiple switching processes, although there might be possibili-

ties, such as semi-permeable membranes, that might help to

remove them. But furthermore, gel–sol transitions are rather

slow so that any computer based on these cannot be expected to

be competitive with modern silicon chips. Other aspects, such as

the moderate mechanical robustness of the gel or its dimensions
Fig. 10 An INHIBIT gate constructed from gelator 3. In the absence of

the inhibiting cryptand signal I3, the gate operates as a normal AND gate,

as shown in Fig. 8b. In the presence of the cryptand, no gel–sol transition

is observed irrespective of the inputs I1 and I2. For consistency: Gel ¼ 0,

Sol ¼ 1.

2080 | Chem. Sci., 2012, 3, 2073–2082
that are much larger than silicon-based transistors, will also

render the development of computers on this basis uninteresting.

However, if one thinks of smart materials, such as a gel that loses

its load-carrying capability in a triggered gel–sol transition or

gels that can be used as tools releasing a drug in the presence of

certain chemical stimuli, it may well be advantageous to be able

to control the properties of the material with more complex

inputs. An AND gate-like behavior, for example, might increase

the selectivity for drug release significantly under certain

circumstances in that two different signals must be present at the

same time. In view of the synthetic nature of our gelator and in

particular of the use of acetonitrile as the solvent, the present

study certainly represents only a proof-of-principle of such

a concept. Nevertheless, a valuable insight is gained into how to

trigger gelation and the decomposition of the gel.

A second interesting aspect of the gates presented in this article

is that the concentrations of the chemical signals K+ and 5 decide

whether 3performs as anORor anANDgate. Similarly, theXOR

gate could be fine tuned by the stimuli concentrations between

a gel, which merely shrinks and then leaks some of the included

solvent, and a complete switching to the sol state. At first glance,

this may again appear to be a drawback because the robustness of

the gate seems to be compromised. However, a look into nature

quickly makes clear that such a feature – different reactions

according to the concentrations of a chemical signal – can also be

an advantage: when fighting an aggressor, some types of ants use

pheromones that attract more soldier ants at high concentration,

i.e. close to the location of the combat, in order to be able to

forcefully fight back the aggressor.36 At lower concentration, i.e.

farther away from that place, the same pheromone, however,

attracts the ants to a food source and thus helps them to support

the colony. In analogy to the ants, different concentrations of

a chemical signal cause different behavior of the logic gates

described here. The emergence of surprising properties at the

system level is a defining feature of complex systems. On a simple

level at least, our gates exhibit such a behavior.

Finally, the gelator can be embedded in different – admittedly

rather simple – chemical systems. Depending on the choice of

components of the system, different logic gates can be con-

structed from the same gelator. Consequently, a toolbox of

components is available, from which the appropriate compo-

nents can be chosen for different purposes. It is therefore not

necessary to develop a new gelator for realizing different logic

functions. The same gelator can just be added to the selection of

additives that suits the purpose best. With an understanding of

more and more complex chemical systems, more and more subtle

changes in the materials properties will become available.
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