
Title: Silicon chemistry, and its consequences for silicon-based life
Abstract: The “Silicon Lifeform” is a common trope in modern science fiction, but can 
such life really occur naturally?  The role of silicon in terrestrial lifeforms is minimal, 
for reasons that have to do with differences in the behavior of carbon and silicon in 
ambient settings. The circumstances necessary for silicon to participate in 
“interesting” chemistry are different from normal physiological conditions.  Like 
carbon, silicon has a vast range of known chemistry which can create complex 
assemblies of atoms, but it is not clear whether this ability is enough to produce the 
kind of self-replicating biochemistry observed for carbon-rich life.  A consideration of 
the structure of known silicon compounds, and the conditions necessary for their 
formation can provide inspiration for the aspiring hard science fiction writer to create 
worlds where silicon-based life can thrive.
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Discussed at: http://io9.gizmodo.com/can-these-seven-words-really-define-all-life-in-
the-uni-1657129771
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https://www.nist.gov/pml/periodic-table-elements
Silicon-based life comes from the misapprehension that Si can do all the things that 
carbon can… We can make many interesting Si compounds but the “organic” 
chemistry of silicon is fairly limited, and fragile.  Not something we see in the wild 
under terrestrial conditions.
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http://www.sciencemag.org/news/2016/03/researchers-take-small-step-toward-
silicon-based-life
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Unlikely that this is a big thing on Earth. Silanes just don’t occur in any real 
concentration naturally on earth.
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https://www.youtube.com/watch?v=upVqosGk2kM
Just a roadmap slide.
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This slide sums up the central thesis of the first part of the talk… what kinds of Si 
chemistry could be conducive to be incorporated into any type of living system?
BTW, Some silanes are soluble in liquid nitrogen!

Stretching credibility to have silane based life in liquid nitrogen, though.
http://www.nature.com/nature/journal/v540/n7631/full/nature20148.html
http://news.stlpublicradio.org/post/research-hints-sea-ammonia-under-
plutos-icy-surface
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Note that H-bonds are about 1/10 as strong as the bonds which hold the atoms 
within molecules.  Under ambient conditions, they are just stable enough to be able 
to unravel during the replication process.  We’ll talk today about Si chemistry that 
might make similar interactions possible at low temperatures.
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Here’s the conclusion first.  As I talked about in part 1, water makes for rocky-type 
minerals.  Ammonia can do the same, but under reducing conditions where water is 
not stable, silicon’s molecular chemistry can shine, especially at low temperatures. 
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Diagram shows the conditions where aqueous solutions of ammonia are stable, but 
still highlights basic conditions (i.e. high pH) and reducing conditions (i.e. mildly 
negative voltages).

11



Anhydrous liquid ammonia is a delightful solvent.  It will dissolve sodium without all 
the explosive drama that water undergoes.  The sodium calmly dissolves to give a 
blue solution which indicates “solvated electrons”, i.e. a number of ammonia 
molecules loosely associated with a single electron.  At higher concentrations, the 
solvated electrons form a bronze phase which apparently has metallic properties.  
The boiling point of ammonia under 1 atm pressure is about -33°C.  The Periodic 
Videos from U of Nottingham are excellent. The link to the ammonia video is:
https://www.youtube.com/watch?v=tYjQXjUUvwY
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Https://www.youtube.com/watch?v=mAJWyRIDDVQ&list=PLfVPkrRbq5vONWgQUKd
OeLU8c5PcCun1P&index=15 
We do a sol gel synthesis as part of one of o ur inorganic laboratories. Acids and 
bases catalyze the process of making the gel phase from the “sol” phase. By analogy 
to gelatin, freshly dissolved gelatin at high temperature is a liquid, but as the 
molecules tangle during cooling, a gel forms.  The silicon based gels are chemically 
similar to glass, but have solvent trappedwithin pores.  These pores usually collapse 
because of surface tension (gel shatters) unless care is taken when drying. Xerogels
are dried with shrinking to form dense glasses, Aerogels are made under supercritical 
fluid conditions which preserves the open spaces (formerly occupied by solvent) to 
yield a very light and insulating solid.
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https://www.youtube.com/watch?v=mAJWyRIDDVQ&list=PLfVPkrRbq5vONWgQUKd
OeLU8c5PcCun1P&index=15 
The link to the University of California TV site has a very nice explanation of this 
chemistry.
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http://rruff.geo.arizona.edu/AMS/result.php?mineral=Quartz
This kind of chemistry is what limits the sorts of behavior we observe on Earth for Si. 
In minerals, all these extended structures form, which make it difficult for Si atoms to 
take part in small molecule chemistry.
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Have to block reactive sites (Si-OH) to get species which are stable.  Ring formation 
helps. This is a small example of a silicone. Silicone polymers are common in 
construction purposes now, and have [O-Si(CH3)2-O-O-Si(CH3)2-O-Si(CH3)2-]-type 
structures. Chains.
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http://www.crystallography.net/cod/7001666.html
In very ammonia rich, reducing environments, structures like these might persist, 
even if they feature Si-H and N-H bonds. Such molecules might be the kinds that 
could be used to make Si-based lifeforms. This model was imported into Second Life, 
with the H-atoms left off so as to reduce the land impact of this object.
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Data from http://www.crystallography.net/cod/4079789.html
The important thing to remember is that silanes do not get very long.  Carbon forms 
essentially infinite chains, but silicon chains are not stable if they get longer than a 
handful of Si atoms long.  This picture shows a molecule with two three- silicon 
chains, as a cross eyed stereographic view.
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This slide was shown in the previous talk. Si =Si bonds much less stable than C=C 
bonds.  This particular molecule has bulky groups surrounding the silene molecule to 
protect it from reacting with a neighboring molecule of the same substance to form 
more Si-Si single bonds.
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This slide was in the previous talk.  The silicon p-orbitals have internal structure which 
carbon’s p-orbitals lack.  The bottom line is that antibonding interactions occur when 
the  p-orbitals internal structure overlaps with a neighboring atom’s p-orbital, thereby 
weakening the bonds.  Si-Si interactions tend to be longer (i.e. avoid multiple 
bonding) to preclude this possibility. Makes a 1-for-1 replacement of Si for C in DNA 
impossible.
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Just a reminder that a 1-for-1 replacement of Si for C is not possible, since most of 
the molecules necessary for our kind of life include C=N, C=C, and C=O interactions. Si 
just wants no part of multiple bonding as a permanent situation.
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Nevertheless, silenes can be stabilized by binding them to transition metals.  This 
molecule is considered ot have an Si=Si bond, which interacts with the Fe(CO)4 unit. 
This sort of interaction could be exploited by an Si-based lifeform to make Si-Si bonds, 
or do other transformations analogous to what the active sites in our enzymes do.

http://www.crystallography.net/cod/4113099.html

http://www.crystallography.net/cod/4105234.html

Germanium analog
http://www.crystallography.net/cod/4105238.html
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Carbocations are very reactive and are usually only seen as reactive intermediates in 
laboratory organic chemistry. Some enzymes may promote the formation of discrete 
carbocations, but these are more likely stabilized by weakly-bonded “leaving” groups.  
Here is an example of a silyl cation bound ot a giant icosahedral carborane anion.  A 
space filling model is shown, and was imported into Second Life for this talk.
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A cross eyed stereographic view of the molecule in the last slide. The upper salmon-
colored atoms are boron.
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http://www.nature.com/articles/ncomms3197
So how to build living systems?  Si-based version of an information storage molecule 
(to serve purpose of DNA) might be made of small silazene molecules, or possibly Si, 
H, N, O – containing molecules that could be bridged by weak  electrostatic bonds 
such as those found between nitriles and silanes in the nature paper cited.  H-
bonding keeps DNA together, but at low temperatures, would need weaker bonds to 
allow for association/dissociation events to occur for replication.
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http://www.crystallography.net/cod/4110614.html
AN example of Si having enough room to accommodate more than 4 other atoms in 
its coordination sphere.  This is a strategy whch could be exploited by an Si-based 
lifeform to make bonds which could be broken fairly easily, especially if the two 
resulting molecules are fairly stable. 
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This recent paper shows evidence that intermolecular interactions can happen 
between small organic molecules and silanes.  In this case the hexachlorodisilane is 
fairly electron deficient, so the lone pairs on the ketone and nitrile are attracted to 
the Si atom.
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Bullet points say it all on this slide.
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Everyone needs gratuitous cat picture.
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Titan has liquid methane.  Since the presence of carbon is conducive to carbon-based 
life, I think we can look elsewhere for Si-based life. Those salty liquid ammonia/water 
oceans on Pluto sound promising, as long as there is not much carbon around.
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Yes.  I will go to unbelievable lengths for a pun.
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https://en.wikipedia.org/wiki/Phase_diagram
This slide introduces how we can have oceans on “frozen” moons, even at cold
surface temperatures.
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https://en.wikipedia.org/wiki/Phase_diagram
Introduces the vocabulary shown.  The arrow goes from a region of ice, to liquid, then 
to a different structure of ice. A subsurface ocean might be possible.  Note that the 
presence of impurities like salt and ammonia will lower the melting points and 
encourage liquid state at even lower temperatures.
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Regular old ice.  The H’s are disordered, so this image shows sites where an H COULD 
be. Only half the sites are occupied.
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A higher pressure form of ice.  The H’s are still disordered, so not every white sphere 
would correspond to an H.  However, the structure is clearly different from Ice I-h.  
Also, the H’s are in layers separate from the rest of the H2O/OH- units… this structure
is much more ionic than Ice-Ih, i.e. counts as a solid acid. Neutron Structure.
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Every oxygen is in the center of a cube of other oxygen atoms.  The H’s are disordered 
again, but there should be no doubt that each O atom is associated with only 2 H’s.  
Neutron Structure.  These images of the different structures of ice give you a feel for 
how the pressure could affect the observed chemistry.  
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Implies superfluid water in upper layers of Neptune’s atmosphere. Hot environment 
and high pressure. At high pressures, the water in ice becomes more ionic, i.e. it 
behaves like a solid strong acid.  The same is true in the “ionic fluid” state… expected 
to be strongly acidic, even superacidic.
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Very similar to water diagram. Ionic and Superionic phases will dissociate molecules 
into single atoms or short chains, not conducive to life. Neptune seems to get very 
hot!
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Broadly similar to previous diagrams.  Science Fiction writers should take note of the 
consequences for exoplanets that are Neptune-like.  These exoplanets can be very 
hot. Note that the metallic phase has been abandoned.
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https://xkcd.com/1561/
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The depth profiles show that the composition of the atmospheres of these planets is 
thought to be quite dependent on temperature.
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The superfluid molecular region is quite dense.  Fllying around in an atmosphere is 
probably not the right description… more like swimming!  Also should point out that 
diamonds and many silicates, even under high pressures, would be expected to have 
densities in the middle of the range shown, so it is reasonable to think that dust 
particles of these species could be buoyant enough to persist.  Perhaps fed by debris 
from a rocky ring system on some exoplanet?
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Particles might remain suspended.
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At depths which are too high, the temperatures and pressures give rise to chemistry 
which is not friendly to large molecules.  I have doubts that diamonds could persist 
long enough to settle to the core.
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Work on what happens to methane at high temperatures and pressures. But this 
neglects the presence of water, ammonia and other aggressive species.
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CH4 dissociation, presumably to make CH3- anion and H+ cation?  pKa of 35 or so?  
Very harsh conditions.
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My opinion in red.  C-C bonds are not special under these conditions.  They can get 
protonated, and  flake C atoms away eventually. Still, a mechanism for remove carbon 
would allow an SF writer to use Si instead as a basis for life.
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It is very exciting that we have such chemical information about the atmosphere of a 
planet outside our solar system.  To me, this is like the water-gas shift reaction:
CH4 + H2O = CO + 3H2
With the CO then being further oxidized by water
CO + H2O = CO2 + H2
Such reactions are catalyzed by iron… maybe this is a sign that there is a more rich 
atmospheric composition present.  Certainly room for an SF writer to propose 
interesting forms of life.  The energy pathway of this reaction alone might fuel “the 
right kind” of life.
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Last slide.  The next few slides are emergency backup for questions.
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