A Path to Molecular Control

“It’s real. We’ve been accelerating toward the wall… Never before have there been as many issues… How do we break through…?” – John Kelly, IBM Sr VP, 26th Dec 2001

Introduction: What capabilities are possible at the molecular level?

Of the attributes that set us apart as humans one of the most important is our use of technology. It is assumed here that in general technological progress is a good thing, and that we should think carefully about what technologies are possible and about how we can ensure that our ability to control matter, which is what technology is, improves steadily with time to the extent allowed by the laws of nature. This of course raises two questions. What is the most advanced form of control over matter that is allowed? And how can we acquire it? We can work out an answer to the first question in two ways: by studying the control of molecules exhibited in living organisms, and by simulating molecular structures on computer that we are not yet capable of building. The natural conclusion that follows from the latter approach is that a kind of mechanical engineering is possible at the molecular level and that if developed this new type of engineering would facilitate the synthesis of both familiar chemicals and novel molecular structures in a much more efficient manner than that represented by current chemical techniques. It is also clear that even though this would be an entirely non-biological technology, there are instructive parallels between itself and some of the most important biochemical processes.   

But how would molecular mechanical engineering differ from the traditional macroscopic type? Obviously, there will be many subtle differences that will only be fully documented when we have gone through the long, difficult process of learning how to build molecular machines. But there are three fundamental differences, which are of great help in understanding the subject that can be stated immediately. The first is that, by definition, each of the atoms in a molecular device has a particular position relative to the others and is bonded to some of the other atoms in certain ways. The second difference follows on from the first: macroscopic engineering components suffer from ware but this does not have a terminal effect on the performance of a given device unless it results in one of the component’s dimensions falling below a certain critical value. A molecular device would not be able to withstand the ware of any of its components because they would be designed to work with a given component exactly as it was to begin with. An immediate consequence of this is that metals would not be used for molecular components. Hard crystalline materials would be much more appropriate. Of these the best to use would be diamond, primarily because functional groups could be covalently bonded to its surface, in contrast to other crystalline materials. The third difference concerns the level of detail to which molecular components could be built. Macroscopic engineering components can be built to match arbitrary shapes and sizes, but atoms are of a certain size and bond with other atoms in certain ways, and so all molecular components would be structured to the same level of detail. One consequence of this for complex molecular mechanical systems is that the components would have to be designed together, for if this was not done and a component had to have a certain structure to perform its function this might render it incompatible with the other components in the system and the whole device would then have to be redesigned. Molecular engineering would therefore involve working with a (potentially) large number of mutually incompatible systems. 

1. Single-purpose tools in nature and technology

The fact that all molecular components must be structured to the same level of detail has one dramatic consequence in nature, namely that all acts of molecular manipulation are carried out by single-purpose devices. Apart from ribosomes these manipulating devices are enzymes. The binding to an enzyme of its substrate induces a change in the conformation of the enzyme molecule that makes it energetically favorable for the product to be formed. This is known as the induced fit model of enzyme catalysis; it can be seen as manipulation because the substrate’s orientation and structure are being changed. Crucially it is only the particular molecular structure of the substrate that induces the reaction. This is because in the past, after a genetic mutation resulted in the production of a new enzyme (which catalyzed a new reaction) the active site of the enzyme quickly (in evolutionary time) became specialized. This would have entailed the active site becoming spatially complementary to the substrate so that the required combination of forces could be exerted on it. The better the ‘fit’ between the two, the more subtle the potential control by the enzyme of the substrate. Importantly once this relationship had developed, the enzyme would be unable to efficiently catalyze other reactions because, without changing its conformation, its active site would not be complementary to other compounds. 

So does the fact of efficient single-purpose manipulation in nature tell us anything about the forms of molecular control that are allowed? In particular, can it be deduced from this fact that a form of robotics is viable at the molecular level? First, we can state the obvious. Any robotic arm with a certain gripping method can perform a variety of tasks if it has available a set of tools for the different jobs and if the gripping sites of the tools are compatible with that method. The arm can use its gripping method to pick up all of the tools at different times, provided that the technician controlling it remembers where the tools have been put down, before using them to perform the required tasks. At the molecular level this scenario implies a guided approach to chemical synthesis, which contrasts sharply with the random collisions of our chemistry today, but it only provides the barest outline of how guided chemistry might work. More importantly there is nothing within the scenario to suggest that once the technical details have been worked out any feature of it would represent a contradiction of physical law. How could there be a contradiction when each tool has one and only one function, just as in nature? 

2. The best way to pick up molecules

Having reached the above conclusion we can move on to the second original question: how can we acquire this form of molecular control? Or to put it another way how can we develop guided chemistry? The precursor technology to the molecular scale robotic arms described above would be the scanning probe microscope (SPM). These are atomically sharp needles that can move across a surface and work out its topology, but they were not originally conceived for the purpose of molecular control, so a good first step would be to develop an SPM which was capable of picking up different molecules. But how could an SPM do this? What method could it employ? The answer put simply is electrical complementarity. The pattern of electrical charge on the surface of a molecule is a unique feature of that particular compound. If an SPM could express a charge pattern on its tip which was complementary to the surface charge pattern of a given compound then the probe would be able to pick up the molecules of that compound. In the robotic arm scenario above each tool had been adapted by the addition of a gripping site compatible with the gripping method of the arm. At the molecular level this would entail adding charged functional groups to molecular tools so that the new SPM tips could electrically complement them, and thus pick them up.

Unsurprisingly there is a precedent for this strategy in nature; namely protein synthesis, one of the most important biochemical processes, which shall be summarized. Proteins are formed by the folding of polypeptide chains in the aqueous solution of the cell. Polypeptide chains are synthesized by ribosomes (large complexes of RNA and protein) as they move along mRNA molecules, which consist of alternating phosphate and ribose groups with each ribose bonded to one of four nucleotide bases – adenine, guanine, cytosine or uracil. Each base projects a pattern of electrical charge outwards from the mRNA strand and each pattern is complementary to that of another base; which means that complementary bases tend to form hydrogen bonded pairs in what would otherwise be thermally destabilizing conditions. mRNA nucleotides are grouped into sets of three called codons and each codon is complementary to the so-called anticodon of a particular species of aminoacyl-tRNA. A ribosome moving along an mRNA strand would successively immobilize aminoacyl-tRNA molecules by matching the codons of the mRNA to the anticodons of dissolved aminoacyl-tRNAs. Aminoacyl-tRNAs with non-complementary anticodons would quite simply not stay in place. As each aminoacyl-tRNA is immobilized its amino acid group is added to the growing polypeptide chain and the tRNA part is then released back into solution.   

3. The TCP probe: fabrication and operation

The way in which ribosomes use the patterns of electrical charge on mRNA to immobilize particular aminoacyl-tRNA molecules in succession is a good indication of what can be achieved by utilizing complementarity. But ribosomes and RNA could not easily be integrated with the technology of the probe microscope without limiting the variety of experiments that they could be used to perform. We must therefore find a new material from which to make the probes, and the best candidate would be one of the tetracyanoplatinate (TCP) salts. TCP salt crystals consist of straight, adjacent stacks of TCP units, with each unit consisting of a platinum atom surrounded at the corners of a square by four carbons each triple bonded to nitrogen (that is, four cyanide groups). The TCP unit has a double negative charge so the crystals must contain positive metal ions such as those of potassium. The crystals are grown on electrodes immersed in aqueous solutions of TCP groups and positive ions. Because of the shape and orientation of the electron orbitals in TCP crystals, electricity is conducted more efficiently along the stacks than between them. As a consequence of this property (called anisotropy) electrical leakage or tunnelling between stacks could, if the probe were designed correctly, be negligible and a pattern of electrical charge set at one end of the TCP crystal would be expressed identically at the other end. A TCP probe microscope would therefore be able to use complementarity to pick up molecules. But how would charge patterns be set at the non-operational end? Here is a suggested set of instructions on how to fabricate and wire a TCP probe microscope:

1. Place a thin metallic lid on a TCP group/positive ion aqueous solution.

2. Apply a positive electrode to a point on the lid with the negative electrode immersed in the solution thus causing a roughly shaped TCP needle to grow under that point.

3. Carefully photoetch a small patch of the lid to expose some of the TCP stacks.

4. Using a scanning tunneling microscope (STM) apply pulsed charges to individual TCP stacks at the (inverted) base of the needle until the growing end of the needle was in contact with the negative electrode. 

5. Carefully break off the negative electrode and drain the solution. If the electrode was (atomically!) flat and the break was clean this would leave a flat TCP probe tip of the correct dimensions.

6. Invert the TCP probe and immerse the base in a solution of conductive polymers in a container the base of which has incorporated within it a microchip with several of its circuits terminating on the surface exposed to the solution.

7. Using an STM apply a charge to the end of a TCP stack and simultaneously oppositely charge one circuit terminal so that a single polymer molecule formed a bridge between the two. Repeat this action until all of the desired stacks had been connected to circuits.

8. Add calcium carbonate to the solution and by cooling or the addition of a catalyst proceed with calcification until the polymer wires had been completely embedded.   

The success of the wiring in Step 7 would be dependent on the proclivity of the polymers to connect to the TCP stacks and circuit terminals. Since the conductive orbitals of TCP groups protrude parallel to the long axes of the stacks it is easy to envisage them connecting to the orbitals of conductive polymers and it has been demonstrated that the conductive polymer polyaniline can connect to gold electrodes1. 

An attractive feature of the TCP probe would be its ability to express different patterns of charge. In protein synthesis the different patterns of charge on mRNA allow the ribosomes to distinguish between different aminoacyl-tRNAs. But there would be no need for TCP probes to distinguish between molecular tools in this way unless they were immersed in a mixed solution. The advantage of variable expression for a probe microscope lies in the fact that it would make it easier to adapt molecules for being picked up by the probe. Indeed many molecules could be picked up without modification. TCP probes would therefore facilitate experimentation and the incremental improvement of our abilities. This is important because the robotic system described in Paragraph 4 implicitly contains a pre-existing infrastructure in addition to the ‘arm’ itself: molecular tools with gripping sites, structures capable of holding the tools in place, some way of loading ‘building block’ molecules onto the tools, and other specialized tools to check that any chemical depositions were successful. Creating such an infrastructure would require a major project. It would be easier to do it gradually and start with very simple experiments; first moving molecules from one place to another, and then using molecular tools to bond functional groups to stationary molecules or surfaces. Some very simple acts of chemical synthesis have already been carried out with the STM. The TCP probe could take guided chemistry to the next stage by facilitating more complex guided covalent depositions in air or partial vacuum.   

Conclusion: Performing the most important synthetic procedure

In Paragraph 2 it was stated that diamond is the ideal material for molecular scale mechanical components. In conclusion therefore it would be wise to try to work out if TCP probes could perform the depositions necessary to build diamond crystals. The smallest possible unit of diamond is equivalent to the ten carbon cage-like structure known as adamantane. The challenge of building diamond can therefore be reduced to the problem of assembling an adamantane cage on the surface of another molecule. If this can be done once then in theory the process could be repeated to yield diamonds of any allowed shape and size. In a TCP probe system designed for adamantane assembly a variety of tools would be sited below the probe on the floor of the work chamber. These would include tools for hydrogen abstraction and carbon deposition together with verification tools. A seed molecule on which the adamantane was to be assembled would also be present. The system would be contained within an evacuated chamber that would remain sealed throughout the procedure. This would be essential because adamantane assembly would necessitate the removal of surface hydrogens, and for the period between hydrogen removal and carbon deposition there would be empty ‘dangling’ bonds on the surface each with a tendency to react with any atom that collided with it. The vacuum would have to be complete enough for there to be enough time on average between atmospheric collisions for the removal and deposition actions to take place. If such a system were available a technician could instruct the probe to carry out hydrogen removals and carbon depositions in alternation until the desired structure had been assembled. In more advanced systems it would be possible to move the workpiece into different orientations, or for the probe tip to approach the workpiece at an angle to the vertical.

If the ability to assemble diamonds of different shapes and sizes could be acquired then these molecular structures could be used to produce more advanced molecular control systems and progress would become self-reinforcing. But we would first have to enact the plan outlined in this essay. Although the potential applications of advanced molecular engineering are not discussed here, it can be stated that they would result in a revolution in manufacturing technology and in a major enhancement of our ability to experiment with and control the structure of matter.
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