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Nitriles	in	Prebiotic	Chemistry	and	Astrobiology	

HILDA	SANDSTRÖM	

Department	of	Chemistry	and	Chemical	Engineering	

Chalmers	University	of	Technology	

ABSTRACT	

Life	appeared	on	Earth	within	a	billion	years	of	the	planet’s	formation.	How?	-	no	
one	 knows.	 Theories	 regarding	 the	 origin	 of	 life	 involve	 reactions	 of	molecules	
predicted	to	have	existed	on	early	Earth	in	what	is	called	prebiotic	chemistry.	In	
this	 thesis,	 I	 use	 computational	methods	 to	 investigate	 hypotheses	 in	 prebiotic	
chemistry	and	astrobiology.	With	computational	chemistry,	it	is	possible	to	predict	
the	thermodynamics	and	kinetics	of	chemical	processes.	The	long-term	goal	of	this	
line	of	research	is	furthering	our	understanding	of	the	origin	of	life.	

The	first	part	of	this	thesis	is	devoted	to	hydrogen	cyanide	(HCN)	chemistry.	HCN	
is	believed	to	have	been	present	on	early	Earth.	Molecular	building	blocks	of	DNA,	
RNA,	and	proteins	have	been	detected	among	HCN	reaction	products.	However,	
because	of	HCN’s	reactivity,	the	molecule	forms	numerous	other	compounds	as	
well.	One	such	set	of	proposed	reaction	products	are	HCN-derived	polymers	-	a	
diverse	group	of	structures	which	have	been	proposed	to	form	in	many	ways.	Here	
I	present	a	 thermodynamic	 landscape	of	HCN-derived	molecules	and	polymers.	
Using	the	thermodynamic	map,	some	hypothesized	reaction	pathways	are	proven	
to	be	unfeasible.	Polyaminoimidazole	 is	 estimated	 to	be	one	of	 the	most	 stable	
polymers,	 while	 the	 nucleobase	 adenine	 is	 computed	 as	 the	most	 stable	 of	 all	
studied	 structures.	We	 also	 investigate	 the	 first	 steps	 in	 the	 formation	 of	 two	
proposed	HCN	reaction	products:	diaminomaleonitrile	and	polyimine.	Our	results	
reveal	that	all	studied	competing	reactions	have	similar	activation	barriers.	These	
results	 open	 for	 the	 possibility	 of	 a	 diverse	 beginning	 to	HCN	 oligomerization	
under	kinetic	control.	The	estimated	timescale	of	HCN	oligomerization	suggests	
that	 reactions	 in	 low-temperature	 environments	 as	 cold	 as	 200	 K	 could	 occur	
within	thousands	of	years.	I	discuss	the	implications	of	the	predicted	reaction	rates	
for	HCN	chemistry	in	astrochemical	environments	like	comets	and	Saturn’s	moon	
Titan.		

The	 second	 part	 of	 the	 thesis	 investigates	 an	 astrobiological	 hypothesis:	 the	
possibility	 for	 cryogenically	 operable	 membranes	 in	 the	 seas	 of	 Titan.	 It	 is	
concluded	 that	 a	 previously	 suggested	 polarity-inverted	membrane	made	 from	
acrylonitrile,	 a	 so-called	 azotosome,	 cannot	 spontaneously	 self-assemble	 and	 is	
therefore	unlikely	to	exist	on	Titan.	

KEYWORDS:	 astrobiology,	 prebiotic	 chemistry,	 hydrogen	 cyanide,	 polymer	
chemistry,	 molecular	 dynamics,	 umbrella	 sampling,	 metadynamics,	 density	
functional	theory	

 	



	

	

	

iv	

 	



	

	

	

v	

 

LIST	OF	PAPERS:	 	

This	 thesis	 is	 based	 on	 the	 following	 papers,	 referred	 to	 in	 the	 text	 by	 Roman	
numerals		

I. A	 Thermodynamic	 Landscape	 of	 Hydrogen	 Cyanide-Derived	
Molecules	 and	 Polymers.	Hilda	 Sandström,	 Fernando	 Izquierdo-Ruiz,	
Rana	Dogan,	Siddhant	Sharma	and	Martin	Rahm.	Manuscript.	

II. The	Beginning	of	HCN	Polymerization:	Iminoacetonitrile	Formation	
and	Its	Implications	in	Astrochemical	Environments.	Hilda	Sandström	
and	Martin	Rahm.	(2021)	ACS	Earth	and	Space	Chemistry,	5,	2152-2159.	

III. Simulating	 the	 Origin	 of	 Hydrogen	 Cyanide	 Polymerization.	 Hilda	
Sandström	and	Martin	Rahm.		Manuscript.		

IV. Can	 Polarity-Inverted	 Membranes	 Self-Assemble	 on	 Titan?	 Hilda	
Sandström	and	Martin	Rahm.		(2020)	Science	Advances,	6,	eaax0272.	

 	



	

	

	

vi	

CONTRIBUTION	REPORT	

Description	of	the	author’s	contribution	to	the	appended	papers.		

I. Performed	quantum	chemical	calculations	together	with	F.I-R,	R.D	and	S.S.	
Analyzed	 the	 data.	Wrote	 the	manuscript	 together	 with	 F.I-R	 and	M.R.	
Designed	the	study	together	with	M.R.		

II. Performed	the	quantum	chemical	calculations	and	simulations.	Designed	
the	study	and	wrote	the	manuscript	together	with	M.R.		

III. Performed	the	quantum	chemical	calculations	and	simulations.	Designed	
the	study	and	wrote	the	manuscript	together	with	M.R.		

IV. Performed	 the	quantum	chemical	 calculations	and	wrote	 the	manuscript	
together	with	M.R.		

 	



	

	

	

vii	

LIST	OF	ABBREVIATIONS		

	

ATP	 Adenosine	triphosphate	

B3LYP	 Becke,	3-parameter,	Lee-Yang-Parr	

BO	 Born-Oppenheimer	

DFT	 Density	functional	theory	

DNA	 Deoxyribonucleic	acid	

Ga	 Billion	years	

KS	 Kohn-Sham	

MAD	 Mean	absolute	deviation	

PBE	 Perdew–Burke-Ernzerhof	

PCM	 Polarizable	continuum	model	

RNA	 Ribonucleic	acid	

VASP	 Vienna	ab	initio	simulation	package	



	

	

	

viii	

 	



	

	

	

ix	

TABLE	OF	CONTENTS		

1	Introduction	.................................................................................................	1	
1.1	 Chemistry	on	Titan	...........................................................................................	2	
1.2	 Theoretical	chemistry	as	a	tool	for	prebiotic	chemistry	and	astrobiology	...	4	
1.3	 Aim/Research	questions	...................................................................................	6	

2	Origin	of	Life	Research	................................................................................	7	
2.1	 The	defining	features	of	life	.............................................................................	7	
2.2	 Where	on	Earth	did	life	originate?	..................................................................	8	

2.2.1	 Endogenous	production	or	exogenous	delivery	....................................	9	
2.3	 Summary	..........................................................................................................	10	

3	HCN,	a	Molecule	at	the	Center	of	Prebiotic	Chemistry	.............................	11	
3.1	 The	HCN	molecule	..........................................................................................	11	
3.2	 HCN	in	prebiotic	chemistry	............................................................................	13	

3.2.1	 HCN	on	the	Early	Earth	..........................................................................	14	
3.3	 HCN	as	an	abundant	molecule	in	the	Universe	............................................	15	

3.3.1	 HCN	and	the	interstellar	medium	..........................................................	15	
3.3.2	 HCN	on	Titan	..........................................................................................	16	
3.3.3	 HCN	in	cometary	chemistry	...................................................................	16	

3.4	 HCN-derived	polymers	....................................................................................	17	
3.4.1	 HCN-derived	molecules:	alternative	polymerization	monomers	.......	18	
3.4.2	 Characterization	of	HCN-derived	polymers	.........................................	19	
3.4.3	 Proposed	polymer	structures	..................................................................	21	

3.5	 Summary	..........................................................................................................	22	

4	Computational	Methods	............................................................................	23	
4.1	 Electronic	energy	calculations	with	density	functional	theory	...................	23	
4.2	 Geometry	optimizations	.................................................................................	27	
4.3	 Calculating	thermal	effects	in	molecules	and	solids	....................................	27	
4.4	 Modelling	solvent	effects	................................................................................	28	
4.5	 From	simulations	to	system	properties	.........................................................	29	
4.6	 Enhanced	sampling	methods	.........................................................................	30	

4.6.1	 Metadynamics	..........................................................................................	31	
4.6.2	 Umbrella	sampling	..................................................................................	32	
4.6.3	 On	using	the	PBE	functional	for	atomistic	simulations	.......................	32	

5	The	Thermodynamic	Stability	of	HCN-Derived	Molecules	and	Polymers	35	
5.1	 Evaluating	the	spontaneity	of	forming	HCN-derived	molecules	and	
polymers	..................................................................................................................	35	
5.2	 Temperature	effects	in	the	thermodynamic	map	........................................	40	
5.3	 Summary	..........................................................................................................	42	

 	



	

	

	

x	

	

6	The	Reactivity	of	HCN	and	HCN-Derived	Molecules	................................	43	
6.1	 Iminoacetonitrile	–	a	first	intermediate	in	HCN	oligomerization	.............	44	

6.1.1	 The	free	energy	for	formation	of	iminoacetonitrile	in	neat	HCN	......	44	
6.2	 Two	proposed	products	of	base-catalyzed	HCN	reactions:	
diaminomaleonitrile	and	polyimine	.....................................................................	46	

6.2.1	 The	free	energy	of	base-catalyzed	HCN	oligomerization	....................	47	
6.2.2	 Predicting	the	timescale	for	polyimine	and	diaminomaleonitrile	
formation	in	different	environments	...............................................................	49	

6.3	 On	the	role	of	simulations	when	studying	HCN	reactions	...........................	51	
6.4	 Conclusions	.....................................................................................................	52	

7	Evaluating	the	Potential	for	Cell	Membranes	in	the	Lakes	of	Titan	........	55	
7.1	 The	role	of	the	membrane	..............................................................................	55	
7.2	 Can	membranes	be	operable	on	Titan?	.........................................................	57	
7.3	 Comparing	acrylonitrile	solubility	and	critical	azotosome	concentration	.	58	
7.4	 Conclusions	.....................................................................................................	59	

8	Concluding	Remarks	and	Outlook	............................................................	61	

9	Acknowledgements	....................................................................................	65	

10	Bibliography	.............................................................................................	67	
 	



	 1	

 

1 
Introduction 

The	Universe	encompasses	a	vastly	diverse	set	of	environments,	characterized	by	
different	 pressures,	 temperatures,	 and	 chemical	 compositions.	 Among	 these	
environments	 are	 stars,	 planets,	 moons,	 comets,	 asteroids,	 and	 interstellar	 gas	
clouds,	to	name	a	few.	Their	chemical	processes	can	provide	information	on	the	
nature	and	evolution	of	 the	Universe	and	are	of	 fundamental	scientific	 interest.	
The	term	astrochemistry	refers	to	the	study	of	any	chemical	reaction,	molecule	or	
material	in	the	Universe.	However,	the	term	is	often	used	to	signify	only	the	study	
of	chemistry	outside	Earth.	In	the	past	century,	technological	advances	have	made	
it	possible	to	study	the	chemistry	of	remote	locations;	radio	telescopes	can	detect	
molecules	 by	 their	 rotation	 emission	 spectra;	 space	 aircrafts	 can	 probe	 the	
chemistry	of	planets,	comets,	moons,	and	asteroids	using	common	equipment	also	
found	in	chemistry	laboratories.		

One	 of	 the	 large	 unanswered	 questions	 in	 science,	 which	 overlaps	 with	
astrochemistry	 and	 many	 other	 research	 fields,	 is	 how	 common	 life	 is	 in	 the	
Universe.	 Research	 on	 the	 nature	 and	 ubiquity	 of	 life	 in	 the	Universe	 is	 called	
astrobiology.	Astrobiologists	are	concerned	with	finding	environments	that	have	
chemical	 features	 called	 biosignatures,	 indicating	 the	 presence	 of	 biological	
processes	 and	potentially	 habitable	 environments.	Another	 part	 of	 astrobiology	
research,	 called	 prebiotic	 chemistry,	 is	 concerned	 with	 finding	 the	 chemical	
processes	which	could	have	led	to	the	origin	of	life.	Much	of	prebiotic	chemistry	
research	 focuses	 on	 finding	 plausible	 formation	 routes	 for	 building	 blocks	 of	
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proteins,	nucleic	acids,	and	membranes,	all	of	which	are	integral	parts	of	the	cell	
and	its	machinery	(1,	2).	Over	the	past	century,	progress	has	been	made	in	finding	
chemical	systems	which	can	generate	biomolecular	building	blocks	from	simple	
molecules,	in	reactions	thought	to	be	relevant	to	the	early	Earth.	Demonstrations	
of	 such	 processes	 are	 taken	 as	 first	 steps	 towards	 understanding	 how	 life	 can	
develop	from	abiotic	chemical	reactions.	Yet	many	questions	remain	unanswered	
and	hypotheses	untested	in	prebiotic	chemistry	and	astrobiology		

The	work	presented	 in	 this	 thesis	 aims	 to	 contribute	 to	 the	 symbiosis	 between	
experimental	and	computational	astrobiology	which	has	gradually	developed	over	
the	 past	 decades.	 The	 idea	 is	 to	 test	 hypotheses	 in	 astrobiology	 and	 prebiotic	
chemistry	by	computationally	evaluating	different	aspects	of	chemical	stability	and	
reactivity.	 The	 motivation	 for	 pursuing	 these	 questions	 with	 computational	
chemistry	 is	 that	 astrobiology	 hypotheses	 can	 be	 challenging	 to	 test	
experimentally,	either	because	of	the	exotic	chemistry,	cost	of	the	experiment,	or	
the	 timescales	 associated	 with	 the	 underlying	 chemistry.	 To	 this	 end,	
computational	chemistry	has	developed	as	an	important	tool	at	the	astrobiologist’s	
disposal.	Computational	chemistry	can	be	used	 for	prediction	of	abundances	of	
molecules,	 to	 simulate	 molecular	 spectra,	 and	 predict	 chemical	 stability.	 The	
chemical	data	gathered	through	observations	and	space	missions	can	be	integrated	
into	theoretical	models	(3,	4).	There	is	continuous	feedback	between	experimental	
observations	and	computational	chemistry	predictions	which	helps	to	improve	the	
understanding	of	the	chemical	processes	in	the	Universe.			

1.1 Chemistry on Titan  

One	of	the	environments	I	will	focus	on	is	Saturn’s	moon	Titan.	Titan	is	a	unique	
place	in	our	solar	system	because	it	has	a	rich	atmospheric	chemistry	filled	with	
many	organic	molecules.	The	atmosphere	consists	of	methane	and	nitrogen	(5).	
Photochemistry	 in	 the	 atmosphere	 generates	 a	 plenitude	 of	 organic	 species	 of	
varying	 complexity	 (6,	 7).	 Figure	 1.1	 illustrates	 some	 of	 Titan’s	 atmospheric	
processes	and	characteristics.	Several	of	the	organic	molecules	are	envisioned	to	
combine	to	form	aerosols	which,	in	turn,	make	out	Titan’s	thick	haze	(8).	However,	
the	chemical	processes	leading	to	the	formation	of	larger	organic	particles	on	Titan	
are	largely	unknown	(9).	The	temperature	in	the	atmosphere	ranges	between	~70-
~190	 K	 (10).	 The	 warmest	 temperature	 being	 found	 at	 an	 ~300	 km	 altitude.	
Meanwhile,	the	surface	temperature,	has	been	measured	to	90-94	K	(11).	
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Figure	1.1.	The	hydrocarbon	world	of	Titan.	The	photochemistry	occurring	in	the	
outer	 layers	 of	 the	 atmosphere	 is	 connected	 to	 the	 formation	of	more	 complex	
molecules	 such	as	 large	positive	and	negatively	charged	 ions,	 as	well	 as	aerosol	
particles	at	lower	altitudes.	Titan’s	surface	is	covered	with	organic	materials.	There	
are	hydrocarbon	seas	made	from	methane	and	ethane.	The	craters	on	the	surface	
are	footprints	of	ancient	collisions	with	high-energy	impactors.	94	K	and	190	K	are	
representative	 maximum	 temperatures	 on	 Titan’s	 surface	 and	 in	 the	 moon’s	
atmosphere	(~300	km	altitude),	respectively.	

The	surface	of	Titan	is	covered	in	most-part	by	solid	organic	dust.	The	surface	is	
also	in	part	speckled,	mainly	in	the	polar	regions,	by	liquid	methane	and	ethane	
lakes	(12).		Observations	of	these	lakes	makes	Titan	the	only	other	body	in	the	solar	
system	 which	 is	 known	 to	 have	 liquids	 on	 its	 surface.	 The	 methane	 in	 the	
atmosphere	forms	clouds	which	take	part	in	a	methane	cycle	like	the	hydrological	
cycle	on	Earth	(13).	However,	the	liquids	in	the	seas	of	Titan	can	also	be	considered	
as	chemically	opposite	of	Earth’s	water	seas.	Methane	and	ethane	are	hydrophobic	
molecules	and	non-polar	solvents.	Therefore,	anything	that	dissolves	well	in	water	
will	be	poorly	soluble	in	the	seas	of	Titan.		

The	 similarities	 of	 Titan	 and	 the	 early	 Earth	 have	 generated	many	 suggestions	
regarding	the	potential	for	life	on	the	cold	moon.	Titan	is	one	of	the	main	subjects	
of	 interest	 for	current	astrobiology	research	outside	Earth	(14).	There	have	even	
been	 suggestions	 that	 lifeforms	 could	 harvest	 energy	 through	 methanogenic	
metabolic	cycles	in	the	moon’s	hydrocarbon	world	(15,	16).	‘	

The	low	temperature	and	lack	of	radiation	due	to	the	thick	atmosphere	means	that	
the	available	energy	in	the	form	of	heat	and	light	on	Titan’s	surface	is	scarce	(9).	
Other	 possible	 forms	 of	 energy	 available	 at	 the	 surface	 of	 Titan	 could	 be	 that	
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caused	 by	 high-impact	 collisions.	 Titan’s	 surface	 has	 many	 craters	 which	 are	
footprints	of	high-energy	impacts	predicted	to	have	exposed	liquid	water	to	the	
organic	material	at	the	surface	(17).	Titan’s	dunes	and	craters	will	be	the	targets	of	
the	Dragonfly	mission	data	collection	(14).		

1.2 Theoretical chemistry as a tool for prebiotic chemistry 
and astrobiology 

Computational	 chemistry	 can	 simulate	 processes	 in	worlds	 drastically	 different	
from	that	of	Earth,	such	as	the	frigid	world	of	Titan.	When	predicting	the	outcome	
of	 chemical	 processes	 two	 concepts	 are	 central:	 kinetics	 and	 thermodynamics.	
Computational	 chemistry	 allows	 for	 the	 calculation	 of	 a	 free	 energy	 landscape	
encompassing	 reactants,	 products,	 and	 transition	 states	 of	 a	 reaction.	 The	
thermodynamics	 of	 a	 reaction	 is	 determined	 by	 the	 relative	 energy	 between	
reactants	and	products.	Temperature	can	alter	the	thermodynamics	of	a	reaction	
via	 the	 temperature	 dependence	 of	 the	 reaction	 enthalpy	 and	 entropy.	 For	
example,	at	low	temperatures	the	entropic	contribution	to	the	free	energy	is	small,	
while	weak	enthalpic	interactions	can	be	of	a	similar	size	to	the	available	thermal	
energy.	The	second	aspect	of	chemical	stability,	kinetics,	is	governed	by	the	relative	
energy	 of	 the	 reactants	 and	 transition	 state,	 the	 activation	 barrier.	 Barring	
tunnelling	effects,	a	high	activation	barrier	will	only	allow	a	reaction	to	occur	at	
high	temperatures.	Figure	 1.2	demonstrates	 the	stark	effect	of	 temperature	on	a	
first-order	reaction	half-life.		A	reaction	with	a	barrier	of	80	kJ/mol	that	occurs	on	
an	order	of	minutes	at	ambient	Earth	conditions	has	an	associated	timescale	of	a	
century	at	200	K.		
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Figure	1.2.	Top:	The	reaction	barrier	of	a	chemical	process	governs	the	reaction	
rate.	 Depending	 on	 temperature,	 the	 reaction	 can	 occur	 in	 ms	 to	 century	
timescales.	(half-life	computed	via	transition-state	theory).	Bottom:	Examples	of	
intermolecular	interactions	of	different	strengths.	The	guanine-cytosine	base	pair	
have	an	interaction	strong	enough	to	help	support	the	double	helix	structure	of	
DNA	at	ambient	conditions	on	Earth.	On	Saturn’s	cold	moon	Titan,	the	interaction	
between	the	nucleobases	is	too	strong	to	allow	for	a	dynamic	chemistry.	The	figure	
is	adapted	with	permission	from	ref.	(18).	
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1.3 Aim/Research questions 

The	long-term	goal	of	the	work	presented	in	this	thesis	is	to	develop	hypotheses	
within	astrobiology	and	origin	of	 life	 research.	 Ideally	 the	work	will	 be	used	 to	
guide	 experimental	 efforts	 which	 explore	 prebiotic	 chemistry	 in	 different	
environments	and	investigate	the	potential	of	life	beyond	Earth.	To	this	end,	this	
thesis	aims	to	answer	a	set	of	questions.	The	first	part	of	the	thesis	is	centred	on	
the	role	of	hydrogen	cyanide	(HCN)	and	HCN-derived	molecules	and	polymers	in	
prebiotic	chemistry	 (Paper	 I-III).	The	overall	 research	questions	 regarding	HCN	
chemistry	 addressed	 in	 this	 thesis	 can	 be	 summarized	 as	 follows.	 What	 are	
plausible	 structures	 for	 the	HCN-derived	polymers?	Which	 formation	 routes	 to	
HCN-derived	polymers	are	 thermodynamically	 feasible?	What	are	 the	effects	of	
temperature	on	the	structure	of	the	HCN	reaction	product?	What	is	the	kinetics	
and	 thermodynamics	 for	 the	beginning	of	base-catalyzed	HCN	polymerization?	
Lastly,	I	answer	the	question:	What	is	the	likelihood	of	membrane	formation	on	
Saturn’s	moon	Titan	(Paper	IV)?		

The	thesis	is	structured	as	follows.	Chapter	2	introduces	the	reader	to	origin	of	life	
research	 and	 the	 predicted	 conditions	 of	 early	 Earth.	 An	 introduction	 to	HCN	
chemistry	 in	 a	 prebiotic	 chemistry	 context	 is	 provided	 in	 Chapter	 3.	 A	 brief	
introduction	 to	 the	 computational	 methods	 that	 were	 used	 for	 this	 thesis	 are	
presented	 in	 Chapter	 4.	 Chapter	 5	 presents	 HCN-derived	 polymers,	 and	 a	
thermodynamic	 evaluation	 of	 various	 propositions	 for	 their	 structure	 and	
formation	mechanism.	Chapter	6	focuses	on	HCN	reactivity	through	the	study	of	
base-catalyzed	HCN	reactions.	In	Chapter	7,	the	focus	is	shifted	towards	Titan,	and	
I	discuss	the	potential	for	cell	membrane	formation	in	such	a	vastly	different	world.		
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2 
Origin of Life Research 

Origin	of	life	as	a	research	domain	in	chemistry	dates	to	the	19th	century.	When	
Charles	Darwin	published	The	Origin	of	Species,	ideas	of	an	evolutionary	origin	of	
life	began	to	spread.	The	debate	regarding	the	nature	of	life’s	origin	sprung	among	
physicists,	 chemists,	 and	 biologists	 alike.	 Could	 biological	 systems	 have	 arisen	
through	 a	 set	 of	 evolutionary	 abiotic	 chemical	 processes?	 Simultaneous	 and	
parallel	 developments	 in	 geology,	 astronomy,	 chemistry,	 and	molecular	 biology	
over	 the	 last	 200	 years,	 have	 continued	 to	 shape	 origin	 of	 life	 hypotheses.	 The	
discoveries	and	characterizations	of	deoxyribonucleic	acid	(DNA)	and	ribonucleic	
acid	(RNA),	as	well	as	other	cellular	machinery,	were	central	in	propelling	origin	
of	life	research	forward.	This	chapter	gives	a	brief	introduction	to	the	history	and	
working	 hypotheses	 in	 prebiotic	 chemistry	 and	 astrobiology	 and	 sets	 the	
contextual	stage	upon	which	we	explore	nitrile	chemistry	(Papers	I-IV).	

2.1 The defining features of life 

The	current	working	definition	of	life	by	NASA	(19)	reads	as	follows	“Life	is	a	self-
sustaining	chemical	system	capable	of	Darwinian	evolution.”	However,	 it	widely	
recognized	 that	 a	 definition	 of	 life	 is	 difficult	 to	 formulate.	 Functional	 and	
molecular	 attributes	 of	 living	 systems	 as	we	 know	 them	 on	 Earth	 have	 shaped	
origin	of	life	research	so	far.		

Figure	 2.1	 shows	 three	 fundamental	 key	 features	 of	 life	 as	we	 know	 it:	 the	 cell	
membrane	which	surrounds	the	cell,	storage	of	genetic	information	in	DNA,	and	
metabolism,	here	represented	by	the	energy	storing	adenosine	triphosphate	(ATP)	
molecule.	 The	 cell	 membrane	 (Fig.	 2.1A)	 protects,	 concentrates,	 and	
compartmentalizes	cellular	machinery.	In	the	cell,	DNA	stores	genetic	information	
(Fig.	2.1B).	DNA	replication	allows	for	the	propagation	of	information.	Replication	
and	 other	 types	 of	 cellular	 processes	 require	 energy.	 Through	 the	 cell’s	
metabolism,	stored	chemical	energy	is	converted	into	ATP	molecules	(Fig	2.1C)	for	
this	purpose.	Yet,	there	is	currently	no	agreement	on	which	property	developed	
first	(2).		
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Figure	2.1.	Three	important	aspects	of	living	systems:	A.	The	bilayer	membrane	of	
cells	B.	A	model	of	deoxyribonucleic	acid	(DNA)	C.	The	energy	storing	adenosine	
triphosphate	(ATP)	molecule,	here	representing	the	process	of	metabolism.	

Throughout	the	history	of	prebiotic	chemistry	there	have	been	those	who	advocate	
that	either	one	of	the	three	systems	shown	in	Figure	2.1	was	the	first	to	develop.	
The	prebiotic	origin	of	the	cell	membrane	was	one	of	the	first	to	be	studied	(20).	
Today,	 there	 is	 still	 ongoing	 research	 on	 the	 first	 protocells	 (see	 e.g.,	 (21)).	
Nevertheless,	much	of	 the	ongoing	origin	of	 life	debate	 focuses	on	 information	
storing	and	catalytic	polymers,	versus	metabolic	cycles	(1).	In	the	cell,	the	polymers	
in	 charge	 of	 catalysis	 and	 genetic	 storage	 are	 proteins	 and	 DNA,	 respectively.	
However,	a	co-origin	and	co-evolution	of	proteins	and	DNA	is	generally	considered	
unlikely	 (22).	 The	 RNA	 hypothesis	 provides	 an	 alternate	 scenario,	 as	 RNA	 can	
perform	 both	 information	 storage	 and	 catalysis	 (see	 review	 (22)).	 The	 diverse	
function	of	RNA	has	led	many	to	suggest	that	it	was	the	first	information-storing	
polymer.	This	theory	is	referred	to	as	the	RNA	world	hypothesis.	Alternatively,	a	
metabolism-first	 approach	 instead	 envisions	 life	 beginning	 with	 autocatalytic	
metabolic	cycles	(i.e.,	complex	replicating	chemical	systems)	(1).		

Whichever	property	came	first,	much	of	prebiotic	chemistry	research	focuses	on	
finding	ways	to	make	building	blocks	of	DNA,	RNA,	proteins,	metabolic	cycles,	or	
membranes,	from	small	organic	molecules	that	are	readily	available	either	on	early	
Earth,	or	elsewhere	in	the	Universe.	Among	the	important	biomolecular	building	
blocks	are	amino	acids	(which	make	up	proteins),	nucleobases	and	sugars	(needed	
in	RNA	and	DNA),	 lipids	 (which	make	up	membranes),	 or	metabolites	used	 in	
metabolic	cycles.	Any	attempt	to	uncover	the	origin	of	terrestrial	life	must	consider	
prebiotic	synthesis	in	the	context	of	the	early	Earth.	

2.2 Where on Earth did life originate? 

Life	on	Earth	has	existed	as	far	back	as	the	geological	record	stretches.	The	earliest	
evidence	of	life	on	Earth	is	from	~3.4-3.7	billion	years	(Ga)	ago,	and	is	in	the	form	
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of	preserved	microfossils	as	well	as	stromatolites	thought	to	have	formed	as	a	result	
of	 photosynthetic	 microorganisms	 (23–25).	 Any	 direct	 evidence	 of	 life	 in	 the	
geological	record	from	earlier	periods	has	been	erased	during	rock	metamorphosis	
(26,	27).	Nevertheless,	the	earliest	evidence	provides	an	upper	estimate	for	the	time	
it	took	for	life	to	establish	on	Earth.	The	period	which	precedes	the	earliest	records	
of	 life	coincides	with	the	late	heavy	bombardment,	a	period	that	is	theorized	to	
have	 occurred	 between	 ~3.5	 Ga	 and	 ~4.0-4.1	 Ga	 (28)	 characterized	 by	 a	 high	
frequency	of	collisions	with	asteroids.	

Little	 is	 known	 of	 Earth’s	 chemical	 conditions	 during	 the	 emergence	 of	 life.	
Uncertainties	in	factors	such	as	atmospheric	composition	and	temperature	affect	
the	outcomes	of	chemical	models	of	early	Earth.	There	exists	geological	evidence	
of	 liquid	 water	 being	 present	 on	 early	 Earth,	 indicating	 a	 surface	 temperature	
above	273	K	(29).	Yet,	the	young	sun	was	less	bright	than	it	is	currently	(30).	Studies	
predict	that	the	Earth’s	surface	temperature	could	have	been	close	to	220	K	(31),	
unless	 sufficient	 greenhouse	 gases	were	present	 in	 the	 atmosphere	 (29,	 30,	 32).	
Predictions	also	suggest	that	the	radiation	at	the	Earth’s	surface	was	more	intense	
3.5	 Ga	 ago	 (33).	 The	 composition	 of	 the	 atmosphere	 could	 have	 been	 mainly	
controlled	 by	 outgassing	 from	 the	 early	 Earth	 mantle.	 In	 that	 scenario,	 the	
atmosphere	would	have	consisted	mainly	out	of	carbon	dioxide,	nitrogen	gas	and	
water	 vapour	 (31).	 Both	 carbon	 dioxide	 and	 nitrogen	 gas	 are	 very	 stable	 and	
therefore	not	very	reactive.	Minor	contributions	to	the	atmosphere	from	reduced	
species,	 such	as	carbon	monoxide,	methane,	hydrogen	gas	and	ammonia,	could	
have	 been	 present	 due	 to	 degassing	 of	 impact	 material	 (31,	 34).	 It	 was	 earlier	
believed	that	the	early	Earth	atmosphere	must	have	been	highly	reduced	since	such	
a	composition	favours	the	formation	of	prebiotic	compounds	(35).	However,	as	the	
composition	of	the	early	Earth	atmosphere	is	unknown,	the	produced	quantities	
of	prebiotic	molecules	remain	uncertain	(see	e.g.,	(31,	36))	

2.2.1 Endogenous production or exogenous delivery 

Prebiotic	 molecules	 on	 Earth	 could	 have	 originated	 through	 endogenous	
production	 or	 exogenous	 delivery	 (37).	 Endogenous	 production	 involves	 the	
development	 of	 life	 on	 Earth	 through	 native	 chemical	 processes.	 Clues	 to	 an	
endogenous	 origin	 of	 life	 could	 be	 found	 by	 examining	 the	 chemical	 processes	
occurring	on	early	Earth.	For	example,	formation	of	organic	molecules	in	the	early	
Earth	 atmosphere	 could	 have	 been	 driven	 by	 photochemistry,	 lightning,	 and	
shock-impacts	(37–39).	One	of	the	most	famous	examples	of	atmospheric	prebiotic	
chemistry	is	the	Miller-Urey	experiment	in	1953	(40,	41).	Miller	and	Urey	were	able	
to	 demonstrate	 the	 production	 of	 amino	 acids	 from	 a	 simulated	 early	 Earth	
atmosphere	 (made	 of	 ammonia,	 methane,	 hydrogen,	 and	 water).	 An	 electrical	
spark	was	used	to	simulate	the	effect	of	atmospheric	lightning	(35,	40,	41).	Later	
experiments	have	shown	how	the	formation	of	organic	molecules	in	such	spark-
discharge	 experiments	 varies	 with	 the	 atmospheric	 composition	 (31).	 A	 second	
possible	 endogenous	 origin	 of	 prebiotic	 molecules	 is	 the	 early	 Earth’s	 ocean.	
However,	 theoretical	 predictions	 suggest	 that	 the	 concentration	 of	 organic	
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molecules	 in	the	ocean	would	have	been	 low	(see	e.g.,	 ref	 (42)).	This	has	 led	to	
considerations	 of	 concentrated	 organic	 solutions	 formed	 in	 shallow	 ponds	 via	
high-energy	impacts	(38)	or	via	eutectic	freezing	(43).	A	third	major	hypothesis	for	
an	 endogenous	 origin	 of	 life	 is	 in	 hydrothermal	 vents	 located	 on	 the	 seafloor.	
Hydrothermal	 vents	 could	drive	 chemical	 reactions	 through	 a	 temperature	 and	
redox	 potential	 between	 the	 cold	 ocean	 and	warm	 seafloor	 (44).	On	 the	 other	
hand,	 theories	 of	 an	 origin	 of	 life	 through	 exogenous	 delivery	 refers	 to	 the	
distribution	of	organic	and	prebiotic	material	 from	impact	events.	For	example,	
organic	bearing	comets	and	asteroids	can	enter	the	atmosphere	(as	meteors),	and	
sometime	collide	with	the	Earth’s	surface	(as	meteorites).	One	famous	example	is	
the	Murchison	meteorite	in	which	86	amino	acids	had	been	identified	up	until	2017	
(45–47),	along	with	nucleobases	(48).	Theoretical	models	have	described	how	the	
probability	that	the	meteorites’	organic	material	remains	intact	(does	not	undergo	
reaction)	depends	on	the	atmosphere	and	size	of	the	impactor	(37).		

2.3 Summary 

Current	prebiotic	chemistry	and	astrobiology	research	 is	conducted	considering	
the	known	characteristics	of	life	on	Earth.	Astrobiology	research	involves	finding	
possibilities	for	metabolic	cycles,	cell	membranes	and	formation	building	blocks	
for	proteins,	DNA	and	RNA	beyond	Earth.	In	this	thesis,	I	focus	on	the	prebiotic	
and	 potential	 role	 in	 astrobiology	 of	 two	 readily	 available	 nitriles	 in	 the	 solar	
system:	acrylonitrile	and	HCN.	As	will	be	discussed	in	the	next	chapter,	HCN	has	
an	important	role	in	prebiotic	chemistry	and	astrochemistry	hypotheses.		
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3 
HCN, a Molecule at the Center of 

Prebiotic Chemistry  

The	search	for	prebiotic	molecules,	which	may	have	been	important	in	the	origin	
of	life,	focuses	on	certain	molecular	properties.	The	prebiotic	molecule	should	(1)	
be	 able	 to	 form	 biologically	 relevant	 building	 blocks,	 by	 itself	 or	 with	 other	
prebiotic	molecules,	(2)	be	predicted	to	have	existed	on	early	Earth,	and	ideally	(3)	
be	abundant	in	the	Universe.	The	third	criterion	would	suggest	that	the	molecule	
might	 commonly	 partake	 in	 prebiotic	 reactions	 beyond	 Earth.	 HCN	 is	 a	 small	
nitrile	which	fits	with	all	these	three	criteria.	In	this	chapter,	I	introduce	different	
aspects	which	all	implicate	HCN,	and	HCN-derived	polymers,	as	main	suspects	in	
origin	of	 life	research.	This	chapter	serves	to	set	the	stage	for	the	astrochemical	
and	prebiotic	context	within	which	we	investigated	HCN	chemistry	in	Papers	I-III.	

3.1 The HCN molecule  

The	HCN	(Figure	3.1a)	molecule	is	striking	in	many	ways.	HCN	is	a	weak	acid	(pKa	
of	9.2)	that	once	went	under	the	name	prussic	acid.	Under	standard	conditions,	
pure	HCN	is	a	volatile	liquid	with	a	boiling	point	close	to	room	temperature	(299	
K)(49)	which	freezes	already	at	260	K	(50).	Comparing	the	properties	of	HCN	with	
water	–	also	a	polar	protic	solvent	–	highlights	the	nature	of	the	HCN	liquid.	The	
HCN	liquid	has	a	dielectric	constant	of	144.8	at	278	K	(51),	and	the	sixth	largest	
reported	 for	 a	 liquid	 in	 the	CRC	handbook	 (after	 a	 group	 of	 amides)	 (52).	 The	
dielectric	 constant	 of	 HCN	 is	 ~70	 %	 larger	 than	 that	 of	 water	 at	 the	 same	
temperature	(85.8)(53).	The	viscosity	of	HCN	is	0.2	cP	at	ambient	conditions	(49)	
–	 a	 fifth	 of	 that	 of	 water.	 Theoretical	 simulations	 have	 shown	 that	 the	 HCN	
molecule	is	highly	coordinated	by	other	neighbouring	molecules	in	the	liquid	(54).		
The	typical	strength	of	a	hydrogen	bond	between	HCN	molecules	is	5-6	kcal/mol,	
like	that	of	water	(55,	56).	
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Figure	 3.1.	 a.	 The	 Lewis	 structure	 of	 HCN;	 b.	 The	 conventional	 unit	 cell	 of	
crystalline	 HCN	 (57);	 c.	 example	 of	 a	 linear	 cluster	 of	 HCN	molecules.	 Figure	
reproduced	from	ref.	(58).	

When	HCN	solidifies	it	forms	a	crystal	with	a	polar	space	group,	seen	in	Figure	3.1b	
(57).	The	polar	crystal	is	pyroelectric.		Ampoules	storing	frozen	HCN	at	77	K	have	
been	 observed	 to	 glow	 in	 the	 dark	 (59).	 	 In	 the	 gas	 phase,	 HCN	 forms	 small	
hydrogen	bonded	linear	clusters	(shown	in	Figure	3.1c)	(60).	Cooperative	effects	
are	important	in	these	hydrogen	bonded	systems.	The	hydrogen	bond	strength	of	
HCN	 increases	by	 15	%	when	comparing	 the	HCN	hydrogen	bonded	dimer	and	
pentamer	(55).	Similarly,	theoretical	studies	show	that	in	a	hydrogen	bonded	chain	
of	HCN	molecules,	the	dipole	moment	(exp.	value	2.98		D	(61))	increases	by	a	factor	
of	1.4	(62).		

Anhydrous	HCN	can	be	synthesized	by	different	methods,	such	as	by	reacting	an	
alkali	 salt	 (e.g.,	 potassium	 or	 sodium	 cyanide)	 with	 stearic	 acid,	 followed	 by	
fractional	 condensation	 (63).	 Still,	HCN	 is	 a	hazardous	 chemical	 –it	 can	 inhibit	
oxygen	uptake	by	binding	to	the	protein	cytochrome	C	oxidase	(64)	–	and	requires	
careful	handling.	Because	HCN	is	both	volatile	and	toxic,	HCN	chemistry	 is	not	
something	easily	studied	in	the	laboratory.1	

	
1Text	adapted	from	a	previously	published	licentiate	thesis	(58).	
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3.2 HCN in prebiotic chemistry   

HCN	has	a	central	role	in	prebiotic	chemistry,	experimentally	established	through	
the	 Urey-Miller	 experiments	 in	 the	 1950s	 (35,	 40).	 Their	 seminal	 experiments	
demonstrated	the	formation	of	amino	acids	upon	applying	an	electrical	discharge	
to	 gas	 mixtures	 (H2O,	 NH3,	 H2	 and	 CH4)	 meant	 to	 imitate	 the	 early	 Earth	
atmosphere.	 HCN	 was	 a	 key	 intermediate	 in	 the	 reaction	 process.	 Through	
considerations	of	both	organic	and	inorganic	materials	that	likely	were	available	
on	early	Earth,	Sutherland	and	colleagues	have	connected	HCN	chemistry	to	the	
formation	 of	 amino	 acids,	 sugars,	 nucleobases,	 and	 lipid	 building	 blocks	 (65).	
Moreover,	 the	cyanide	anion	has	been	proposed	 to	have	had	a	 role	 in	 the	early	
development	of	metabolism	as	a	reducing	agent	(66).	Moreover,	Oró	was	first	to	
demonstrate	that	base-catalyzed	reactions	of	aqueous	HCN	form	adenine,	along	
with	a	plethora	of	other	 compounds	 (67,	68).	Today,	 all	natural	nucleobases	of	
DNA	and	RNA	have	been	identified	as	products	in	HCN	reaction	mixtures	(see	e.g.,	
ref.	(69)).		In	experiments,	the	formation	of	adenine	has	been	observed	in	aqueous	
solutions	of	HCN	at	 kept	 at	 195	K	 (42).	 	 Low-temperature	 synthesis	 of	 adenine	
suggests	 that	 its	 formation	 could	 be	 feasible	 in	 various	 cold	 astrochemical	
environments.	 Indeed,	 HCN	 is	 implicated	 in	 prebiotic	 chemistry	 hypotheses	
beyond	 Earth.	 For	 example,	 the	 diverse	 nature	 of	 HCN	 reaction	 products	 has	
inspired	proposals	of	a	CHN-based	biochemistry	 in	oxygen-free	worlds,	 such	as	
that	of	Titan	(70).	

HCN	chemistry	is	often	studied	through	polymerization	experiments.	Along	with	
the	formation	of	larger	products,	referred	to	as	HCN	polymers	(often	precipitated	
solid	residues),	a	plethora	of	compounds	form	in	such	experiments.	Amino	acids,	
pteridines	(which	include	building	blocks	of	cofactors),	sugars,	and	nucleobases	
have	all	been	derived	from	HCN	polymerization	experiments	(69,	71).	Detections	
of	amino	acids	and	nucleobases	are	often	reported	after	hydrolysis	of	either	or	both	
the	insoluble	and	soluble	fractions	of	HCN	reaction	products	(see	ref.	(69)	for	a	
review).	 I	 note	 that	 hydrolysis	 reportedly	 increases	 the	 observed	 yield	 of	
nucleobases	 in	 such	 experiments	 (72).	 In	 conclusion,	HCN	 chemistry	 has	 been	
linked	to	many	of	the	defining	molecular	features	of	life	(Fig	3.2).	
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Figure	 3.2.	 Prebiotic	 HCN	 chemistry	 can	 form	 building	 blocks	 for	 the	 central	
pillars	 of	 life.	 Sugars,	 nucleobases,	 and	 phosphate	 make	 out	 the	 molecular	
structure	 of	 DNA	 and	 RNA.	 Proteins	 and	 cofactors	 are	 used	 in	 catalysis.	 Cell	
membranes	are	made	up	of	a	hydrophobic	and	hydrophilic	part.	The	head	group	
glycerol-1-phosphate	 has	 been	 formed	 in	 HCN	 based	 prebiotic	 chemistry.	
Carboxylic	acids,	detected	among	HCN	reaction	products,	are	also	metabolites	in	
the	citric	acid	cycle.	

3.2.1 HCN on the Early Earth 

Atmospheric	processes	on	early	Earth	are	predicted	to	have	formed	HCN	through	
photochemistry,	 shockwave	 or	 discharge	 chemistry	 caused	 by	 coronal	 mass	
ejections	or	high-energy	impact	events	(73–75).	HCN	produced	in	the	atmosphere	
would	 reach	 the	 Earth’s	 surface	 and	 ocean.	 The	 resulting	 HCN	 steady	 state	
concentration	in	the	ocean	has	been	estimated	to	10-6	M	at	273	K	and	pH	8	(42).	
This	estimate	was	based	on	the	assumption	by	Sagan	and	Chyba,	 that	the	HCN	
production	rate	made	out	a	tenth	of	the	total	atmospheric	production	of	organics	
on	early	Earth	(computed	as	1011	kg/year)(37).	The	assumed	HCN	production	rate	
matches	recent	estimates	on	the	order	of	1010	kg	produced	HCN/year	on	early	Earth	
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(36).	The	resulting	abundance	of	HCN	in	the	early	ocean	is	not	sufficiently	high	to	
favour	HCN	polymerization	(<0.01	M).		Various	suggestions	have	been	proposed	
for	concentrating	HCN	enough	to	allow	for	polymerization	on	early	Earth.	Eutectic	
freezing	is	one	mechanism	whereby	HCN	could	become	concentrated	(74.5	mole%	
at	the	eutectic	point	250	K)	(43).	A	study	simulating	the	effect	of	the	late	heavy	
bombardment	predicted	that	high-energy	impact	events	could	temporarily	raise	
the	 HCN	 concentration	 to	 a	 sufficient	 degree	 which	 would	 allow	 for	
polymerization	(with	an	>80	%	probability	in	shallow	pools,	and	>	24	%	probability	
in	deeper	pools)	(38).	Since	HCN	is	more	volatile	than	water	it	cannot	concentrate	
through	evaporation.		

3.3 HCN as an abundant molecule in the Universe   

HCN	is	one	of	the	more	common	small	organic	molecules	in	the	solar	system	and	
beyond.	 Figure	 3.3	 shows	 three	 radically	 different	 astrochemical	 environments	
where	HCN	has	been	detected:	the	interstellar	medium	(76),	Saturn’s	moon	Titan	
(77)		and	comets	(78,	79).	HCN	has	also	been	detected	on	other	planets	(80–83)	
and	on	Pluto	(82),	as	well	as	 in	protoplanetary	disks,	whose	formation	precedes	
that	 of	 planets	 (84).	 This	 section	 briefly	 introduces	 these	 astrochemical	
environments	and	their	HCN	chemistry.	

Figure	 3.3.	 Three	 astrochemical	 environments	 where	 HCN	 is	 found.	 A.	 The	
molecular	 cloud	 Sagittarus	 B2	 (Image:	 European	 Space	 Observatory(ESO)	 and	
NASA)	 (85)	 B.	 Saturn’s	 moon	 Titan.	 (Image:	 NASA/Jet	 Propulsion	 Laboratory-
Caltech,	Space	Science	Institute)	(86)	C.	The	comet	67P/Churyumov-Gerasimenko	
photographed	 by	 the	 navigational	 camera	 onboard	 Rosetta	 (Image:	 European	
Space	Agency	(ESA))	(87).	Figure	reproduced	from	ref.	(58).	

3.3.1 HCN and the interstellar medium  

The	 interstellar	 medium	makes	 out	 the	 region	 between	 stars	 in	 galaxies.	 Low	
temperature	and	 low	density	are	 two	chemical	characteristics	of	 the	 interstellar	
medium	In	these	regions,	the	matter	is	either	gaseous	or	dust	like	(88).	The	dust	is	
made	up	of	small	solid	ice	grains.	HCN	can	be	found	in	regions	of	the	interstellar	
medium	 called	 molecular	 clouds	 (Figure	 3.3A)	 (89).	 Molecular	 clouds	 are	 the	
birthplace	of	stars,	planets,	and	other	celestial	bodies	such	as	asteroids	and	comets.	
The	temperature	in	dense	molecular	clouds	is	below	50	K	(88).		

ESO/APEX & MSX/IPAC/NASA Image credit: ESA/Rosetta/NAVCAMCredits: NASA/JPL-Caltech/Space Science Institute

A B C

A
B C

A

A B C
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Interstellar	 HCN	 can	 form	 from	 different	 high-energy	 carbon,	 nitrogen,	 and	
hydrogen-containing	species	(90,	91).	In	dark	(a	type	of	dense)	molecular	clouds,	
HCN	 typically	 exists	 at	 abundance	 of	 10-8	 relative	 to	molecular	 hydrogen	 (90),	
although	 the	 abundance	 varies.	 For	 context,	 the	 most	 common	 heteroatomic	
molecules,	gaseous	carbon	monoxide	and	water	ice,	both	exist	at	a	10-4	abundance	
(92).	 The	 abundance	 of	 the	 high-energy	 isomer	 hydrogen	 isocyanide	 (HNC)	 is	
similar	 to	 that	of	HCN	 in	 the	 interstellar	medium	(93).	 It	 is	 the	high	barrier	of	
isomerization	and	low	temperatures	which	hinder	HNC	to	HCN	conversion	in	the	
interstellar	medium	(94).		

HCN	 containing	 ice	 analogues	 have	 been	 found	 to	 produce	 glycine	 and	 other	
amino	acids	upon	irradiation	(see	ref	(95)	for	a	review,	or	ref	(96)).	Hence,	HCN	
chemistry	in	ice	grains	is	interesting	for	prebiotic	chemistry.		Still,	solid	HCN	has	
not	been	detected	in	the	interstellar	medium	(but	has	been	detected	in	clouds	on	
Titan	(97)	and	tentatively	identified	on	Neptune’s	moon	Triton	(98)).		

3.3.2 HCN on Titan  

HCN	 in	Titan’s	 atmosphere	 forms	 as	 a	 photochemical	 product	 of	 nitrogen	 and	
methane	(99).		In	the	atmosphere	of	Titan,	the	volume	mixing	ratio	of	HCN	is	lower	
at	the	surface	than	at	250-300	km	altitude	(10-8-10-6)	(100).	Observations	suggest	
that	HCN-based	clouds	exist	in	the	atmosphere	and	contain	HCN	ice	(97,	101–103).	
HCN	has	been	predicted	to	form	co-crystals	with	benzene	and	acetylene	on	Titan	
(104).	HCN	 is	 also	predicted	 to	 incorporate	 in	 large	 complex	organic	materials,	
referred	to	as	tholins.	Sagan	and	Khare	coined	the	name	tholin	to	refer	to	organic	
materials	formed	when	cosmically	abundant	gases	are	subjected	to	light	or	spark	
discharge	 (105).2	 Incorporation	 of	 HCN	 into	 tholins	 can	 be	 observed	 during	
experiments	simulating	tholin	formation	(106).	However,	characterization	studies	
suggest	that	HCN	polymers	considerably	differ	from	tholins,	and	therefore	should	
at	best	be	considered	to	make	up	parts	of	tholins	(107,	108).	HCN	polymers	have	
been	predicted	to	absorb	the	scarce	sunlight	available	on	the	surface	(109).		

3.3.3 HCN in cometary chemistry  

Comets	are	important	carriers	of	organic	material	in	the	solar	system.	Cometary	
chemistry	can	be	studied	both	with	remote	observations	and	spacecraft	missions.		
Observational	 studies	 have	 found	 that	 the	 surface	 of	 comets	 is	 covered	 with	
organic	material	(110,	 111).	The	temperature	on	the	surface	of	comets	varies	with	
their	distance	to	the	sun	but	have	been	measured	to	~190-350	K	at	distances	<	4	
AU	(see	summary	in	ref.	(112)).3	Materials	on	the	cometary	surface	can	sublimate	
upon	heating,	forming	an	envelope	made	of	dust	and	gaseous	molecules	around	
the	comet,	called	the	cometary	coma.		

HCN	on	comets	can	either	exist	as	a	gas	in	the	coma	or	as	a	solid	in	the	cometary	
ice	due	to	the	varying	temperature	and	low-pressure.	HCN	has	been	detected	in	

	
2	The	other	name	they	considered	was	the	more	evoking	star-tar.	
3	1	AU	corresponds	to	the	average	distance	between	the	Earth	and	the	sun.	
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the	coma	of	comets	in	an	abundance	of	0.08-0.25	%	relative	to	water	(113).	When	
the	comet	approaches	the	sun	the	HCN	abundance	increases	(114).	According	to	
observations,	the	production	rate	of	HCN	in	the	coma	follows	a	power	law,	𝑄𝐻𝐶𝑁 ∝
𝑅𝐻−𝑥	,	where	𝑅& 	is	the	distance	to	the	sun	and	x=2-4.7	(79,	115,	116).		

Evidence	 of	 aqueous	 alteration	 of	 minerals	 on	 comets,	 as	 well	 as	 theoretical	
models,	 suggest	 that	 the	 subsurface	 temperatures	 of	 some	 comets	 could	 allow	
water	 below	 the	 surface	 to	 melt	 (112,	 117).	 However,	 it	 is	 uncertain	 whether	
sufficient	pressures	could	be	reached	to	keep	the	liquid	water	stable	(112).	I	note	
that	if	liquid	water	does	form	in	the	subsurface	of	comets,	aqueous	HCN	solutions	
(which	melt	at	 lower	temperatures	than	water)	might	form	in	the	subsurface	of	
comets	as	well.		

Suggestions	 that	HCN	polymers	exist	on	cometary	surfaces	are	based	on	model	
predictions	 that	 HCN	 and	 HNC	 in	 the	 cometary	 coma	 come	 from	 a	 parent	
molecule	on	the	comet	nucleus	(78).		HCN	polymerization	has	also	been	proposed	
to	explain	cometary	outbursts	(118).	While	HCN	polymers	have	been	proposed	to	
form	on	comets,	the	most	complex	molecules	that	have	been	identified	on	comets	
are	not	very	large,	partly	owing	to	the	instrumentational	setup.	For	example,	the	
mass	 spectrometer	 used	 in	 the	 Rosetta	 mission	 to	 study	 the	 comet	 67P	 only	
measured	up	 to	 a	mass	of	 100	Da.	The	 largest	molecules	 identified	on	67P	was	
ethylene	glycol	and	ethanethiol	with	a	mass	of	62	Da	(119),	as	well	as	toluene	which	
was	identified	at	peaks	at	91	and	92	Da.	

3.4 HCN-derived polymers 

Because	of	the	ubiquity	and	reactivity	of	HCN,	products	derived	from	it	(including	
polymers)	 are	 suspected	 to	 contribute	 to	 complex	 organic	matter	 in	 a	 range	of	
environments.	HCN	polymerizes	in	a	variety	of	conditions	into	a	intricate	reaction	
mixture	 (see	 e.g.,	 ref	 (120)).	 The	 heterogenous	 polymer	 products	 have	 been	
intensely	studied	experimentally,	and	at	rarer	times,	computationally	for	the	past	
century.	Below	I	provide	a	brief	outline	of	the	results	of	such	efforts.	For	a	complete	
review,	I	refer	the	reader	to	ref.		(121).		

The	polymerization	of	HCN	can	proceed	both	 in	aqueous	solution,	and	 in	pure	
liquid	or	gaseous	HCN	(see	review)	Attempts	have	been	made	to	study	radiation-
induced	solid-state	polymerization	of	HCN	(59).	However,	no	polymerization	was	
observed	prior	to	melting	the	irradiated	solid.	

Factors	 such	 as	 pH,	 temperature	 and	 the	 presence	 of	 catalysts	 can	 affect	 the	
polymerization	process.	Aqueous	HCN	polymerization	is	known	to	proceed	most	
efficiently	at	pH	9.2,	the	pKa	of	HCN	(122).	Such	an	aqueous	HCN	solution	has	an	
equal	 concentration	 of	 HCN	 and	 cyanide	 anions.	 Hence,	 the	 base-catalyzed	
polymerization	 is	 sometimes	 referred	 to	 only	 as	 cyanide	 polymerization.	 In	
experiments	performed	in	pure	liquid	HCN	the	concentration	of	cyanide	anions	
has	 been	 ~	 0.05	 –	 0.2	 M	 (123,	 124).	 Although	 in	 one	 case,	 a	 two-component	
HCN:NH3	system	was	used	with	an	overall	10:1	molar	ratio	(125).	Amines,	ammonia,	
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or	alkali	hydroxides	like	NaOH	are	typically	used	as	bases,	while	hydrochloric	acid	
is	used	to	lower	the	pH	(126,	127).		

There	 are	 various	 other	 ways	 to	 catalyze	 or	 initiate	 HCN	 polymerization.	
Mamajanov	 and	Herzfeld	 have	 demonstrated	 catalysis	 using	 free	 radicals	 (126).	
Mozhaev	 et	 al.(59)	 and	 Draganić	 and	 colleagues	 (128–130)	 have	 performed	
radiation	 induced	 HCN	 polymerization.	 Schwartz	 and	 Goverde	 found	 that	
cyanohydrins	 and	 glyconitrile	 accelerate	 tetramer	 formation	 from	 cyanide	
solutions	 (131).	 Ammonia	 also	 causes	 a	 faster	 reaction	 kinetics	 (120).	Moreover,	
Ferris	 et	 al.	 have	 reported	 that	 the	 formation	 of	 the	 HCN	 tetramer	
diaminomaleonitrile	is	catalyzed	by	bromine,	iodine,	copper	ions,	cyanogen	and	
cyanamide,	 and	 polymer	 formation	 is	 catalyzed	 by	 presence	 of	
diaminomaleonitrile	(122).		

Polymerization	in	aqueous	solution	competes	with	hydrolysis.	At	concentrations	
below	0.01	M,	hydrolysis	is	the	governing	process	(122).	In	cold	temperatures,	the	
formation	 of	 eutectic	 phases	 could	 spontaneously	 concentrate	 HCN,	 favouring	
polymerization	over	hydrolysis	(50).		

The	reactive	nature	of	HCN	brings	about	the	question:		At	how	low	temperatures	
can	HCN	polymers	form	and	over	what	timescale?	Answering	this	question	would	
provide	 strong	 hints	 as	 to	 which	 different	 astrochemical	 environments	 HCN	
polymers	may	be	present	in.	So	far,	the	range	of	temperatures	where	HCN	polymer	
formation	 has	 been	 observed	 is	 between	 195-363	 K	 (72,	 126,	 127).	 Experiments	
performed	close	to	250	K	report	tetramer	formation,	albeit	not	polymer	formation	
(120).	In	a	one-of-a-kind	low	temperature	experiment	at	195	K,	a	0.15	M	HCN	0.1	M	
ammoniacal	solution	was	left	to	react	over	a	period	of	27	years	(42).	Studies	of	the	
kinetics	of	HCN	polymerization	have	also	shown	that	the	mechanism	appears	to	
change	with	temperature	(132).4	

3.4.1 HCN-derived molecules: alternative polymerization monomers 

A	polymerization	process	proceeds	through	the	successive	reaction	of	molecules	
referred	 to	 as	monomers.	 In	 the	 case	 of	 the	 polymer	 products	 formed	 in	HCN	
reaction	mixtures,	 the	 identity	 of	 the	monomer	 that	 polymerizes	 is	 still	 up	 for	
debate.	 Sometimes,	 HCN-derived	 polymers	 is	 used	 as	 a	 term	 instead	 of	 HCN	
polymers.	HCN-derived	polymers	include	polymers	of	HCN	oligomers,	or	even	of	
the	hydrolysis	product	 formamide	 (133).	 Figure	 3.4	 shows	a	 set	of	HCN-derived	
molecules	 that	have	been	proposed	 as	 the	monomer	 in	 the	 formation	of	HCN-
derived	 polymers.	 A	 presentation	 of	 these	 compounds	 will	 be	 helpful	 for	 the	
following	discussion.	From	this	point	on,	HCN	and	HCN-derived	molecules	and	
polymers	will	be	enumerated.	

	
4	Text	adapted	from	a	previously	published	licentiate	thesis	(58).	
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Figure	 3.4.	 Molecules	 proposed	 as	 monomers	 or	 intermediates	 in	 HCN	
polymerization:	 HCN	 (1),	 iminoacetonitrile	 (2),	 aminomalononitrile	 (3)	 and	
diaminomaleonitrile	(4)	and	aminocyanocarbene	(5).	

The	 HCN	 oligomers	 in	 Figure	 3.4	 are	 the	 dimer	 iminoacetonitrile	 (2),	 trimer	
aminomalononitrile	 (3),	 and	 tetramer	 diaminomaleonitrile	 (4).	 A	 second	 dimer	
aminocyanocarbene(5)	 is	often	also	discussed	because	of	 its	reactive	nature	(59,	
124,	134,	135),	and	because	radicals	have	been	detected	among	the	polymer	products	
(136,	137).	Early	in	the	studies	of	HCN	chemistry,	Oró	proposed	a	mechanism	to	
form	adenine	(6)	which	included	2	and	3	as	intermediates	(68).	Moreover,	these	
molecules	have	been	proposed	to	have	key	roles	in	the	formation	of	HCN-derived	
polymers	 (see	 ref.	 (121)	 for	 a	 review).	 For	 example,	 the	 dimer	 formation	 is	 the	
proposed	rate	limiting	step	in	the	formation	of	4	(138).	However,	the	evidence	for	
the	formation	of	2	and	3	in	HCN	reactions	is	only	indirect	(122,	138,	139).	Out	of	
these	molecules	only	 the	 tetramer	has	been	detected	 in	HCN	reaction	mixtures	
besides	 HCN	 (138).	 Moreover,	 Ferris	 and	 colleagues	 showed	 that	 4	 can	
photochemically	form	6	upon	UV-irradiation	through	two	photoexcitation	events	
(140,	141).	Diaminomaleonitrile	is	also	widely	used	to	form	N-heterocycles	via	Schiff	
base	intermediates	(R1N=CR2R3)	in	organic	synthesis	(142,	143).	Ferris	investigated	
HCN	oligomerization	and	stated	that	4	is	the	main	product	of	base-catalyzed	HCN	
oligomerization	 (144).	 We	 here	 note,	 however,	 that	 separate	 polymerization	
experiments	starting	from	the	tetramer	do	not	produce	a	noteworthy	polymer	yield	
close	to	room	temperature,	 like	most	HCN	polymerization	experiments	do	(126,	
127).		

Polymerization	of	the	molecules	 in	Figure	3.4	have	been	conducted	over	a	wide	
range	of	temperatures.	The	dimer	2	is	known	to	polymerize	in	dichloromethane	
solution	above	233	K	(145).		The	polymerization	of	3	has	been	studied	at	above	room	
temperature	in	aqueous	solution	and	in	the	neat	liquid	(146–148).	The	tetramer	4	
polymerizes	in	neat	melt	above	449	K	(149)	and	neat	solid	above	398	K	(127,	149,	
150).	Efficient	aqueous	polymerization	of	4	has	been	observed	above	353	K	at	pH	
9.2,	and	to	a	smaller	extent	at	room	temperature	(yield	~1	wt%)(126).	

3.4.2 Characterization of HCN-derived polymers  

Below	I	outline	some	of	the	experimental	characterization	studies	that	have	been	
done	on	HCN-derived	polymers.	One	of	the	main	challenges	with	characterizing	
and	 resolving	 the	 structure	 of	 HCN	 polymers	 is	 their	 low	 solubility	 in	 most	
solvents.	Nevertheless,	numerous	characterization	studies	have	been	performed.	
Some	 studies	 separate	 the	 soluble	 and	 non-soluble	 part	 of	 the	 HCN	 reaction	
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product	 before	 analysis.	 In	 a	 polymerization	 experiment	 performed	 in	 aqueous	
solution,	the	insoluble	product	yield	(based	on	the	carbon	input)	was	15-46	wt%	at	
311	K,	and	1-12	wt%	at	277	K,	depending	on	the	reaction	conditions	(151).	Bonnet	et	
al.	 reportedly	 were	 able	 to	 nearly	 completely	 solvate	 their	 reaction	 product	 in	
methanol	(125).	In	addition,	He	et	al.	were	able	to	dissolve	their	polymer	solid	in	
DMSO-d6	 (123).	 Meanwhile,	 Mizutani	 et	 al.	 studied	 their	 polymer	 product	 in	
fractions	separated	by	solubility	in	DMSO,	methanol	and	ethyl	ether	(152).		

Reaction	products	formed	in	a	mixture	of	liquid	HCN	(10:1	HCN:NH3	ratio)	have	
been	 studied	with	 high-resolution	mass	 spectrometry	 (153).	 The	mass	 peaks	 lie	
between	50-600	m/z	and	50-1000	m/z	for	negative	and	positive	ions,	respectively	
(125).	Ruiz-Bermejo	and	colleagues	have	pointed	out	the	challenge	in	recording	the	
mass	spectra	of	the	polymer	products	-	the	large	product	masses	suggest	that	the	
products	likely	have	many	charged	sites	(121).	Analysis	with	liquid	chromatography	
found	 mass	 peaks	 of	 between	 100	 and	 2000	 Da	 (152)	 	 Using	 electrophoresis,	
polymer	products	with	masses	up	to	250	kDa	have	been	detected	in	the	insoluble	
product	fraction	of	aqueous	solutions	of	NaCN	or	NH4CN	(at	277-311	K)	(151).	The	
same	 study	 found	 masses	 up	 to	 140	 kDa	 in	 the	 soluble	 fraction.	 Meanwhile,	
Dragovic	 and	 colleagues	 measured	 that	 7	 %	 of	 their	 polymer	 product	 formed	
during	radiation-induced	aqueous	polymerization	had	masses	 in	the	range	of	10	
and	22	kDa	(128–130).		

The	 HCN-derived	 polymers	 have	 a	 composition	 that	 varies	 with	 reaction	
conditions.	The	N/C	and	H/C	ratios	can	vary	between	0.7	and	1.4	(121).		The	N/C	
ratio	decreases	slightly	at	higher	temperatures	(see	ref.	(132)	for	details).	In	studies	
of	HCN-derived	polymers	 formed	from	neat	solid-	or	melt	diaminomaleonitrile,	
N/C	and	H/C	ratios	of	about	0.9	were	found	(154).	The	loss	of	NH3	and	HCN	during	
polymerization	was	observed	with	thermal	gravimetric	mass	spectrometry	(TGMS)	
analysis	and	could	explain	the	unequal	molar	ratios.	The	polymer	oxygen	content	
has	been	measured	to	be	between	10	and	25	mole	percent	when	polymerization	
experiments	 are	 conducted	 in	 aqueous	 solution,	 (126,	 132,	 155,	 156).	 The	
incorporated	oxygen	originates	from	the	aqueous	solution	and	is	present	whether	
the	reactions	are	carried	out	in	contact	with	air	or	an	inert	atmosphere	(see	ref.	
(121)	for	a	review).	
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3.4.3 Proposed polymer structures 

Several	 studies	 have	 focused	 on	 characterizing	 the	 structure	 of	 HCN	
polymerization	products	using	a	variety	of	techniques	including,	but	not	limited	
to,	vibrational	spectroscopy,	UV-vis	spectroscopy,	and	nuclear	magnetic	resonance	
(NMR)	spectroscopy.	The	characterization	reveals	that	HCN	polymers	 include	a	
variety	 of	 functional	 groups,	 such	 as	 amines	 (132,	 132,	 157),	 amides	 (132,	 158),	
hydroxyl	groups	(132),	imines		(123,	126)	carbodiimides,	triazines,	nitriles,	carbonyls	
(155)	to	name	a	few	(Figure	3.4A).		Different	researchers	have	proposed	different	
polymer	 structures	based	on	 the	 results	 of	 characterization	 studies.	Three	 such	
polymer	examples	are	shown	in	Figure	3.4B.	For	example,	He	et	al.	 found	using	
multidimensional	 NMR	 spectroscopy	 that	 new	 bonds	 were	 formed	 between	
carbons	 and	 proposed	 a	 polyimine	 structure	 (structure	 7	 in	 Figure	 3.4B)	 (123).	
Rahm	et	al.	(109)	later	showed	computationally	that	polyimine	has	a	tunable	band	
gap	which	would	allow	the	polymer	to	absorb	visible	light	in	the	narrow	window	
of	wavelengths	that	reaches	the	surface	of	Titan.	Mamajanov	and	Herzfeld	(124)		
found	 that	 new	 bonds	 were	 formed	 between	 carbon	 and	 nitrogen	 atoms,	 and	
proposed	 structure	 8	 in	 Figure	 3.4,	 in	 agreement	 with	 the	 proposed	 structure	
Mozhaev	et	al.	(59).	Structure	9	in	Figure	3.4	was	proposed	by	Völker	as	a	polymer	
of	 the	 HCN	 dimer	 iminoacetonitrile	 (156,	 157).	 Figure	 3.4c	 shows	 examples	 of	
different	the	three-dimensional	structures	of	 the	HCN-derived	polymers.	These,	
and	several	other	hypotheses	exist	for	the	structure	of	HCN-derived	polymers,	and	
how	 they	 form.	 Given	 the	 potential	 relevance	 of	 these	 structures	 to	 prebiotic	
chemistry	it	is	important	to	determine	which	are	most	likely	to	form.5	

 	

	
5	Text	adapted	from	a	previously	published	licentiate	thesis	(58).	
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Figure	 3.5.	 A.	 Examples	 of	 functional	 groups	 identified	 through	 experimental	
characterization	of	HCN	polymers	with	methods	such	as	NMR	spectroscopy	and	
vibrational	 spectroscopy.	 B.	 Examples	 of	 different	 proposed	 repeating	 units	
proposed	for	the	HCN	polymers	based	on	the	identified	functional	groups	(here	
only	 examples	 without	 oxygen).	 C.	 Three	 dimensional	 structures	 of	 small	
fragments	 of	 different	 HCN	 polymers.	 Different	 repeating	 units	 result	 in	 both	
coiled	and	stretched	conformations.		

3.5 Summary 

This	 chapter	 outlined	 the	 main	 motivation	 for	 studying	 the	 role	 of	 HCN	 in	
prebiotic	 chemistry.	However,	 in	HCN	 reaction	mixtures	biomolecular	building	
blocks	 make	 up	 only	 a	 small	 fraction	 of	 a	 plethora	 of	 products.	 Still,	 many	
questions	regarding	the	nature	of	these	materials	remain.	In	Chapter	5	and	6,	we	
investigate	 HCN	 chemistry,	 including	 proposed	 products	 and	 reaction	
mechanisms.	 First,	 I	 will	 briefly	 introduce	 the	 methods	 we	 applied	 in	 our	
investigations	in	Chapter	4.		
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4 
Computational Methods  

The	key	concept	behind	the	work	presented	in	this	thesis	is	energy.	Energy	governs	
the	speed	and	direction	of	chemical	reactions.	A	material’s	energy	results	from	the	
interactions	and	kinetic	energy	of	its	electrons	and	atomic	nuclei.	In	theory,	the	
energy	of	a	system	can	be	obtained	by	solving	the	Schrödinger	equation.	However,	
the	 exact	 solution	 is	 often	 not	 possible	 to	 compute.	 Instead,	 much	 of	
computational	 chemistry	 involves	 finding	 approximate	 solutions	 to	 the	
Schrödinger	equation	for	different	systems	under	study.	The	approximate	methods	
often	balance	a	reduction	in	computational	costs	with	an	acceptable	accuracy	in	
the	computed	energy.	This	chapter	introduces	the	computational	methods	which	
were	used	to	calculate	energies	in	this	thesis.	

In	this	chapter,	I	will	use	a	partition	of	the	total	free	energy,	𝐺,	into	an	electronic	
contribution,	𝐸'( ,	and	a	term	which	corresponds	to	the	thermal	energy,	E)*+,-./,	as	

𝐺 = 	𝐸'( 	+ 	𝐸01'234( .																																																				(4.1)	

The	electronic	term	refers	to	the	part	of	the	energy	that	arises	due	to	interactions	
between	electrons	and	atomic	nuclei	as	well	as	the	kinetic	energy	of	the	electrons.		
The	thermal	term	has	both	enthalpic	and	entropic	contributions.	

4.1 Electronic energy calculations with density functional 
theory 

In	 this	 thesis	 I	 have	 used	 the	 quantum	mechanical	method	 density	 functional	
theory	(DFT)	to	compute	the	electronic	energy	(159).	All	DFT	calculations	were	
done	using	Kohn-Sham	(KS)	DFT	(briefly	described	below).	From	now	on,	I	refer	
to	KS-DFT	only	as	DFT.	
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DFT	 (among	 other	 methods)	 makes	 use	 of	 the	 Born-Oppenheimer	 (BO)	
approximation	 when	 computing	 the	 electronic	 energy.	 This	 approximation	
considers	the	electrons	as	moving	around	a	frozen	configuration	of	atomic	nuclei	
(160).	 The	 BO	 approximation	works	well	 in	most	 cases	 since	 atomic	 nuclei	 are	
much	 heavier	 and	 slower	 than	 electrons.	 Within	 the	 BO	 approximation,	 the	
problem	of	finding	the	energy	of	the	nuclei	and	electrons	can	be	treated	separately.	
For	example,	the	energy	of	the	electrons,	𝐸',	can	be	calculated	as	a	solution	to	the	
time-independent	Schrödinger	equation	

HΨ = 𝐸'Ψ,																																																														(4.2)	

where	Ψ	is	the	electrons’	wave	function	and	H	is	a	Hamiltonian	that	only	considers	
the	kinetic	energy	and	interactions	of	the	electrons.	The	energy	and	wave	function	
in	Eq.	(4.2)	can	be	found	by	applying	the	variational	principle	which	states	that	the	
true	ground	state	wave	function	corresponds	to	the	one	with	the	lowest	energy.	
Nuclear-nuclear	repulsions	between	atomic	nuclei	can	be	added	to	the	electrons’	
energy	to	obtain	the	total	electronic	energy.	As	a	result	of	the	BO	approximation,	
the	electron	energy	can	be	computed	separately	 in	DFT	as	well,	but	not	via	the	
Schrödinger	equation	(Eq.	4.2).	Below	I	briefly	explain	how.		

The	foundation	of	DFT	is	made	up	of	two	key	publications.	In	the	first,	Hohenberg	
and	 Kohn	 proved	 that	 it	 is	 possible	 to	 compute	 the	 energy	 from	 the	 electron	
density	of	a	system	using	the	variational	principle	(161).	 In	DFT,	the	energy	 is	a	
functional	 of	 the	 spatially	 dependent	 electron	 density	 (i.e.,	 it	 is	 a	 function	 of	 a	
function).	The	main	challenge	of	the	functional	formulation	in	DFT	is	to	describe	
the	kinetic	energy	and	electron-electron	interactions.	 In	a	successful	attempt	to	
overcome	this	obstacle,	Kohn	and	Sham	showed	that	it	 is	possible	to	model	the	
electrons	as	non-interacting	particles	moving	in	an	effective	potential	(162).	The	
kinetic	 energy	 is	 then	 computed	 for	 a	 set	 of	 non-interacting	 particles.	 The	
functional	formulation	of	the	energy,	E+[ρ],	in	terms	of	the	electron	density,	ρ,	can	
be	expressed	as,		

E+[ρ] = T[ρ] + ∫ d5rρ(𝐫)V+6)(𝐫) +
7
8∫d

5rρ(𝐫) V9(𝐫) + E6:[ρ],														(4.3)	
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where	𝐫	is	a	positional	vector.	The	first	term	in	Eq.	(4.3)	corresponds	to	the	kinetic	
energy,	 T[ρ],	 calculated	 for	 non-interacting	 electrons	 (using	 an	 orbital	
formulation).	 The	 effective	 potential	 functional	 corresponds	 to	 the	 remaining	
three	 terms:	 contribution	 to	 the	 energy	 from	 interactions	 between	 nuclei	 and	
electrons,	 represented	 by	 the	 external	 potential,	 V+6);	 electrostatic	 electron-
electron	interactions	represented	by	the	Hartree	potential,	V9;	and	the	exchange-
correlation	functional,	E6:[ρ].	The	form	of	the	exchange-correlation	functional	in	
Eq.	(4.3)	is	unknown.	The	term	accounts	for	the	correlated	movement	of	electrons	
beyond	 the	 mean-field	 approximation.	 In	 theory,	 DFT	 is	 a	 relatively	
computationally	 cheap	 method	 because	 it	 can	 simplify	 the	 evaluation	 of	 the	
electron-electron	 interactions,	 in	particular	the	exchange	and	correlation	terms,	
compared	 to	 other	methods	 (163).	 However,	 there	 are	many	 variations	 of	 DFT	
which	vary	in	computational	cost.6	

There	exist	several	rungs	of	DFT	which	differ	in	the	way	they	model	the	exchange-
correlation	 term.	 Two	 of	 the	 most	 common	 types	 are	 generalized	 gradient	
approximation	(GGA)	DFT	and	hybrid	DFT	(164).	GGA	functionals	evaluate	 the	
exchange-correlation	as	a	function	of	the	density	and	its	gradient	(165).	Meanwhile,	
hybrid	DFT	functionals	include	an	empirical	amount	of	Hartree-Fock	exchange	in	
the	 computation	 of	 the	 exchange-correlation	 (163).	 For	 this	 reason,	 hybrid	
functionals	 are	 relatively	 computationally	 expensive	 to	 use	 (O(N4)	 scaling	
compared	to	O(N3))	(164).	In	general,	hybrid	DFT	functionals	are	more	accurate	
than	GGA	functionals.		

The	 required	 accuracy	 of	 a	 computational	 method	 depends	 on	 the	 research	
question.	To	be	able	to	draw	quantitative	conclusions	regarding	reaction	rates	and	
chemical	 equilibria,	 the	 accuracy	 needs	 to	 be	 ~1	 kcal/mol,	 which	matches	 that	
typically	obtainable	in	standard	thermochemistry	experiments	(166).	The	accuracy	
of	DFT	can	range	from	one	to	several	kcal/mol	depending	on	the	level	of	theory	
and	application	(for	a	few	different	benchmarks,	see	refs.(167–171)).	In	summary,	
the	 choice	 of	 DFT	method	 affects	 the	 accuracy	 and	 computational	 cost	 of	 the	
energy	calculation,	so	too	does	the	description	of	the	electron	wavefunctions	which	
are	used	to	construct	the	electron	density.	

The	 total	 electron	 density	 can	 be	 represented	 as	 the	 sum	 of	 fictitious	 KS-one-
electron	densities.	The	one-electron	densities	in	turn	are	computed	as	the	square	
of	the	one-electron	wave	functions,	𝜓;.	Taken	together,	the	total	electron	density,	
	𝜌,			can	be	expressed	as			

𝜌	 = 	∑ <𝜓;<
8

; .																																																																(4.4)	

The	linear	combination	of	atomic	orbitals	(LCAO)	method	is	used	to	represent	the	
one-electron	wave	function	of	an	electron	in	a	molecule	as	a	sum	of	atomic	orbitals	
𝜙<	with	coefficients,	𝑐;<	

	
6	Text	adapted	from	a	previously	published	licentiate	thesis	(58).	
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𝜓; 	= 	∑ 𝑐;<𝜙<< 																																																																	(4.5)	

The	 atomic	 orbitals	 are	 typically	 also	 modelled	 using	 a	 linear	 combination	 of	
gaussian	functions	or	slater	functions.	The	appearance	of	this	linear	combination	
is	 called	 the	 basis	 set.	 As	mentioned	 above,	 the	 choice	 of	 basis	 set	 affects	 the	
accuracy	of	the	energy	computation.	A	larger	basis	set	provides	higher	accuracy	
but	comes	with	a	higher	computational	cost.	According	to	the	variational	principle	
the	optimal	coefficients,	𝑐;<,	are	those	which	minimize	the	energy.	The	states	of	the	
core	electrons	of	atoms	are	typically	assumed	to	be	frozen	to	reduce	computational	
cost	without	meaningful	loss	in	accuracy.	An	alternative	to	using	atom	centered	
basis	functions	to	construct	the	basis	set	is	to	use	plane	waves	instead.	The	plane	
waves	are	especially	well	suited	to	describe	electrons	in	calculations	using	periodic	
boundary	conditions.		

The	electron	density	of	a	periodic	system,	such	as	a	polymer	or	a	crystal,	can	be	
described	by	 the	 electronic	density	 in	 just	 one	unit	 cell.	The	wave	 functions	of	
electrons	 in	 periodic	materials	 can	be	 represented	 as	 a	 sum	of	 plane	waves	 (in	
accordance	with	the	Bloch	theorem),	according	to		

𝜓; 	= 	∑ 𝑐;=𝑒><𝐤∙𝐫= 																																																													(4.6)	

where	𝑐;= 	is	a	coefficient	and	𝐫	is	a	positional	vector	in	the	crystal	lattice.	The	plane	
wave	periodicity	is	determined	by	the	wave	vector	k.	Periodic	calculations	typically	
use	 pseudopotentials	 (172)	 or	 projected	 augmented	 waves	 (173)	 to	 reduce	 the	
number	of	plane	waves.	In	periodic	DFT,	the	size	of	the	basis	set	and	the	accuracy	
are	controlled	by	an	energy	cutoff	for	the	plane-wave	kinetic	energy.		

Long-range	interactions	within	a	crystal	are	typically	computed	in	the	reciprocal	
space	(the	Fourier	transform	of	the	crystal	lattice).	When	doing	so	the	energy	is	
evaluated	 through	 an	 integration	 in	 reciprocal	 space.	 In	 software,	 integrals	 are	
replaced	 by	 sums	 which	 are	 evaluated	 on	 a	 k-point	 grid.	 The	 quality	 of	 such	
calculations	 needs	 to	 be	 converged	 with	 respect	 to	 k-point	 density	 to	 ensure	
sufficient	accuracy.		



Computational	Methods	

	

	

	

27	

4.2 Geometry optimizations 

The	energy	of	a	material	depends	on	the	positions	of	its	atomic	nuclei.		We	typically	
search	for	the	structure	of	the	material	at	zero	Kelvin	(with	no	zero-point	energy)	
because	it	corresponds	to	a	well-defined	point	on	the	multidimensional	potential	
energy	 surface.	 Thermal	 effects	 corresponding	 to	 a	 particular	 temperature	 are	
added	after	the	geometry	optimization,	as	described	below.	Reactant	and	product	
states	correspond	to	minima	on	the	multidimensional	energy	surface	(Fig.	4.1).	A	
transition	state	of	a	chemical	reaction	is	a	first-order	saddle	point	(i.e.,	a	minimum	
in	all	but	one	direction	in	which	it	is	a	maximum).	A	minimum	or	saddle	point	can	
be	found	through	geometry	optimizations.	The	optimization	algorithm	typically	
involves	 computation	 of	 the	 positional	 derivatives	 of	 the	 energy	 (forces).	 The	
endpoint	of	the	optimization	often	corresponds	to	a	local	minimum	and	depends	
on	the	input	guess	structure.	The	global	minimum	could	be	found	by	performing	
many	 optimizations	 with	 different	 input	 structures,	 a	 work-intensive	 task	
depending	 on	 the	 size	 of	 the	 system	 under	 study.	 After	 optimization	 and	
calculation	 of	 thermal	 effects,	 the	 relative	 free	 energy	 of	 two	 structures	 can	
measured	by	their	energy	difference	(See	Fig	4.1).	

		
Figure	 4.1	 Schematic	 of	 an	 energy	 profile	 of	 a	 reaction,	 visualized	 in	 one	
dimension.	 The	 reactant	 and	 product	 correspond	 to	 minima	 on	 the	 potential	
energy	surface.	In	a	general	number	of	n-dimensions,	the	transition	state	is	a	first-
order	 saddle-point	 (a	 minimum	 in	 all	 coordinates	 but	 one	 for	 which	 it	 is	 a	
maximum).	ΔGr	and	ΔGTS	correspond	to	the	reaction	energy	and	reaction	barrier,	
respectively.	Figure	adapted	from	ref.	(58).	

4.3 Calculating thermal effects in molecules and solids  

The	part	of	the	total	energy	made	up	of	thermal	effects	is	calculated	with	the	help	
of	statistical	thermodynamics.	Solids,	molecules,	and	atoms	have	the	possibility	of	
storing	energy	in	their	degrees	of	freedom.	The	degrees	of	freedom	can	either	be	
translational,	 rotational,	 or	 vibrational	 in	 type.	 The	 total	 thermal	 energy	 term,	
𝐸01'234(,	can	be	written	as	a	sum	of	all	types	of	contributions	
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𝐸01'234( 	= 	𝐸B<C240<DE +	𝐸2D040<DE 	+ 𝐸024EF(40<DE,																										(4.7)	

where	𝐸<	is	the	thermal	energy	contribution	for	degree	of	freedom	i.	An	electronic	
contribution	needs	to	be	added	to	Eq.	(4.7)	for	systems	with	degenerate	electronic	
ground	states.	There	is	both	an	enthalpic,	𝐻<,	and	entropic	contribution,	𝑆<,	to	the	
total	thermal	energy	contribution,	according	to		

𝐸< 	= 	𝐻< 	− 	𝑇𝑆< ,																																																										(4.8)	

where	 𝑇	 is	 the	 temperature.	 The	 enthalpic	 and	 entropic	 contributions	 from	 a	
degree	of	 freedom	can	be	calculated	 from	the	corresponding	partition	 function.	
For	 example,	 constructing	 the	 partition	 function	 for	 one	 vibrational	 degree	 of	
freedom	 first	 requires	 computing	 the	 force	 constant	 associated	 with	 that	
vibrational	 mode.	 Approximations	 such	 as	 the	 rigid	 rotor	 and	 harmonic	
approximation	are	used	to	treat	rotations	and	vibrations,	respectively.		

The	approach	to	compute	thermal	effects	varies	depending	on	what	state	or	system	
is	modelled.	A	molecule	 has	 all	 types	 of	 degrees	 of	 freedom,	 an	 atom	only	 has	
translational	ones,	while	a	solid	only	has	vibrational	ones.	The	vibrational	degrees	
of	 freedom	 in	 a	 solid	 are	 also	 called	 phonons.	 Computational	 calculation	 of	
phonons	was	done	in	Paper	I	and	IV	using	the	finite	displacement	method	(174).	
This	method	relies	on	multiple	energy	evaluations	in	which	the	system	is	displaced	
in	different	ways	depending	on	its	symmetry	group.	

4.4 Modelling solvent effects 

The	 reactions	 studied	 in	 this	 thesis	 are	 considered	 in	 a	 solvent	 environment,	
whether	it	be	HCN,	water	or	methane.	A	solvent	influences	the	potential	energy	
surface	 of	 a	 solute	 through	 both	 enthalpic	 and	 entropic	 effects.	 These	 effects	
depend	on	the	specific	interaction	between	the	solute	and	solvent.	As	such,	solvent	
effects	influence	the	free	energy	profile	of	a	reaction.		

In	this	thesis,	I	used	the	implicit	solvent	model	called	the	polarizable	continuum	
model	 (PCM)	 to	 represent	 the	 solvent	 around	 static	molecular	models	 (175).	 In	
PCM,	 the	 solvent	 is	 represented	 by	 a	 dielectric	 medium	 surrounding	 a	 solute	
cavity.	The	shape	of	the	solute	cavity	depends	on	the	size	of	the	solvent	molecules	
(modelled	as	spheres).	Specific	solvents	can	be	defined	by	the	size	of	their	solvent	
spheres	and	by	their	static	and	dynamic	dielectric	constants.	Implicit	models	can	
also	consider	different	parameters	but	those	will	not	be	discussed	here	(see	e.g.,	
ref.	(176)).	Implicit	solvent	models	consider	electrostatic	and	dispersion	effects	as	
well	as	the	energy	loss	associated	with	making	the	solute	cavity	(177).	HCN	is	not	a	
commonly	used	 solvent	 and	does	not	 exist	 among	 the	 available	 solvents	 in	 the	
software	Gaussian	16	rev.	B.01	(178)	used	in	this	thesis.	I	made	an	approximate	PCM	
of	HCN	by	adjusting	the	static	dielectric	constant	of	the	water	model	to	that	of	
HCN	 (144.8	 at	 278	 K	 (51)).	 All	 solvated	 species	 were	 computed	 in	 a	 1	 M	
concentration.	Meanwhile,	concentration	of	HCN	in	the	neat	liquid	at	278	K	is	26.2	
M	(49).			
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Implicit	models	cannot	model	direct	coordination	of	the	solvent	with	the	solute,	
via	e.g.,	hydrogen	bonds.	Solvation	energies	computed	with	implicit	models	like	
PCM	have	mean	unsigned	errors	of	1-6	kcal/mol	and	7-10	kcal/mol	for	neutral	and	
charged	species,	respectively	(176).	However,	thanks	to	error	cancellation,	relative	
energies	of	solvated	molecules	can	be	expected	to	be	more	accurate.		

Explicit	 consideration	 of	 solvent	 molecules	 provides	 an	 alternative	 to	 implicit	
models.	 In	 an	 explicit	 model,	 solvent	 molecules	 are	 added	 around	 the	 solute,	
thereby	modelling	the	solvent-solute	interactions	more	accurately.	It	is	possible	to	
combine	explicit	and	implicit	solvation	by	using	a	few	explicit	solvent	molecules	
and	an	implicit	solvent	model.	However,	a	solvent	is	dynamic	and	consists	of	many	
solvent	molecules	which	can	arrange	around	the	solute	in	an	entire	ensemble	of	
solvent	configurations.	Without	some	type	of	configurational	sampling	there	is	no	
guarantee	of	 the	accuracy	of	 the	profile.	Hence,	configurational	sampling	 is	key	
when	studying	reactions	in	solutions	(179).	

4.5 From simulations to system properties 

In	 this	 thesis	 I	 used	 atomistic	 simulations	 to	 explicitly	 study	 solute-solvent	
interactions.	 Atomistic	 simulations	 can	 generate	 a	 statistical	 ensemble	 of	
configurations	 by	 assuming	 the	 ergodic	 hypothesis.	 According	 to	 the	 ergodic	
hypothesis,	 the	 statistical	 ensemble	 overlaps	 with	 the	 simulation	 ensemble	 if	
enough	time	passes	during	the	simulation.	Therefore,	the	partition	function	(and	
thermodynamic	 properties)	 of	 a	 solvated	 system	 is	 theoretically	 possible	 to	
compute	 from	a	very	 long	simulation.	However,	computational	costs	associated	
with	 simulations	 limit	 the	 timescale	 to	 below	 microseconds	 or	 nanoseconds,	
depending	on	the	available	resources.	

Molecular	dynamics	is	one	type	of	simulation	technique	which	models	the	time-
evolution	of	a	system.	In	molecular	dynamics,	energies	and	forces	are	computed	
with	some	method,	classical	or	quantum	chemical	(e.g.,	DFT).	I	used	ab	initio	BO	
molecular	dynamics	based	on	DFT	in	Papers	II-IV.	In	BO	molecular	dynamics,	the	
energy	and	 forces	are	evaluated	at	each	 time	step.	The	movement	of	 the	atoms	
between	 each	 step,	 follows	Newtonian	 dynamics,	with	 positions	 being	 updated	
based	on	atomic	velocities	and	the	forces	acting	on	the	atoms.	The	size	of	the	time	
step	is	 limited	by	the	fastest	motions	 in	the	system	(typically	covalent	bonds	to	
hydrogen	atoms)	and	is	often	on	the	order	of	femtoseconds	(180).	

I	 simulated	 all	 systems	 studied	 with	 molecular	 dynamics	 in	 this	 thesis	 in	 a	
canonical	 NVT	 ensemble.	 A	 thermostat	 coupled	 to	 the	 motion	 of	 the	 atoms	
regulates	 the	 temperature	 of	 the	 system.	 	 For	 example,	 in	 Paper	 II	 and	 III	 the	
steered	 simulations	 were	 run	 using	 the	 canonical	 sampling	 through	 velocity	
rescaling	thermostat	(181).	This	thermostat	regulates	the	temperature	by	velocity	
rescaling	and	ensures	sampling	of	a	canonical	ensemble	by	introducing	noise	to	
the	equations	of	motion.		
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The	free	energy	change	computed	in	an	NVT	ensemble	is	a	Helmholtz	free	energy.	
However,	in	chemistry	we	typically	are	interested	in	Gibbs	free	energies,	computed	
at	constant	pressure.	Nevertheless,	the	difference	between	the	Helmholtz	reaction	
free	energies	and	the	Gibbs	reaction	free	energies	for	condensed	phase	systems	is	
small.7	 In	 this	 thesis,	 I	 refer	 to	 all	 free	 energies	 (also	Helmholtz)	 as	Gibbs	 free	
energies,	or	simply	free	energies.	

4.6 Enhanced sampling methods 

Proper	sampling	in	any	type	of	simulation	is	difficult	to	obtain	if	the	system	is	stuck	
in	a	local	minimum.	Constructing	reaction	free	energy	profiles	requires	sampling	
regions	of	the	multidimensional	free	energy	surface	which	correspond	to	reactants,	
products,	 and	 transition	 states.	 Transitions	 between	 near-by	 minima,	 such	 as	
reactants	and	products	of	a	reaction,	are	rare-events.	Enhanced	sampling	methods	
make	it	possible	to	sample	high-energy	regions.	In	enhanced	sampling	methods,	
the	multidimensional	free	energy	surface	is	projected	onto	a	small	set	of	(often	one	
or	two)	variables	called	collective	variables.	A	choice	of	collective	variables	can	be	
one	 that	 describes	 a	 reaction	 coordinate,	 bond	 (or	 coordination)	 topology	 or	
configurational	 parameters	 such	 as	 bond	distances	 and	 angles.	 The	 free	 energy	
profile	is	dependent	on	a	good	choice	of	collective	variables	(see	ref.(182)).	Path	
collective	 variables,	 called	 s	and	 z,	 were	 designed	 as	 a	 general	 set	 of	 collective	
variables	 (183,	 184)	 .	 The	 s	 and	 z	 variables	 are	 constructed	 based	 on	 a	
characterization	of	two	or	more	reference	points.	For	example,	one	set	of	reference	
points	could	be	the	reactant	and	product	of	a	reaction.	Simply	put,	the	s	variable	
describes	the	path	between	the	reference	states,	while	the	z	variable	describes	the	
distance	 from	 the	 path	 between	 them	 (see	 ref.	 (184)	 for	 a	 more	 detailed	
description).	 The	 position	 of	 the	 reference	 states	 in	 s,	 z	 –	 space	 is	 determined	
through	a	distance	function	and	a	parameter	called	𝜆.	The	distance	function	can	
be	described	in	many	ways.	For	example,	the	topological	path	collective	variables	
used	in	this	thesis	have	a	distance	function	that	is	based	on	coordination	numbers	
between	groups	of	atoms	(185).	In	the	work	presented	in	this	thesis,	I	have	made	
use	 of	 path	 collective	 variables	 and	 two	 enhanced	 sampling	 methods:	
metadynamics	and	umbrella	sampling.	

	
7	Differences	between	the	Helmholtz	and	the	Gibbs	free	energy	of	reaction	are	due	to	changes	in	
the	PV	term,	which	for	reactions	in	condensed	phase	systems	is	small	compared	to	the	change	in	
internal	energy.	
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4.6.1 Metadynamics 

Metadynamics	is	a	technique	which	biases	the	system	to	explore	new	areas	of	the	
potential	energy	surface	(for	a	review	see	(183)).	In	a	metadynamics	simulation,	a	
bias	is	deposited	around	the	region	of	the	system	in	collective	variable	space.	The	
deposition	 occurs	 with	 a	 certain	 set	 frequency.	 The	 added	 bias	 results	 in	 a	
flattening	of	the	energy	surface	with	time,	which	encourages	a	broader	sampling.	
The	 time-evolution	 of	 the	 deposited	 bias	 is	 illustrated	 in	 Figure	 4.2.	When	 the	
system	 is	 freely	 diffusing	 across	 the	 potential	 energy	 surface,	 the	 simulation	 is	
converged.	At	that	point,	the	deposited	bias	has	the	inverse	shape	of	the	free	energy	
landscape.	Yet,	converging	the	free	energy	surface	this	way	is	time-consuming	and	
computationally	costly.	In	Paper	II,	I	used	metadynamics	for	reaction	exploration	
only.		

Metadynamics	 is	 suitable	 for	 exploration	 of	 many	 competing	 reactions	 or	 the	
configurational	space	of	molecules.	During	reaction	exploration,	the	objective	is	to	
explore	the	collective	variable	space.	It	is	possible	to	observe	transitions	between	
different	reactant	and	product	states	within	the	same	simulation	–	provided	the	
simulation	 is	 long	 enough.	 The	 transition	 state	 can	 be	 identified	 through	 a	
statistical	method	known	as	committor	analysis	(186).	When	a	simulation	is	started	
from	the	transition	state,	there	is	a	50:50	chance	of	ending	up	in	either	the	product	
or	reactant	basin.		

	
Figure	 4.2	A.	Schematic	 of	 snapshots	 of	 the	 progression	 of	 the	 energy	 (F(CV))	
landscape	 in	 a	 metadynamics	 simulation	 in	 a	 one-dimensional	 potential	 as	 a	
function	of	 a	 collective	 variable	 (CV).	The	 free	 energy	 landscape	 is	 successively	
filled	with	deposited	bias.	Starting	from	the	basin	to	the	left,	the	system	gradually	
explores	states	of	higher	energy	until	it	ends	up	in	another	basin.	The	lines	in	the	
diagram	represent	snapshots	of	the	bias	at	different	times	(illustrated	by	numbers	
above	 line)	during	 the	simulation.	B.	A	multidimensional	 free	energy	 landscape	
projected	onto	two	collective	variables.	White	regions	represent	areas	without	a	
free	 energy	 estimate.	 Often	 more	 than	 one	 collective	 variable	 is	 used	 in	 a	
metadynamics	simulation.	Figure	adapted	from	ref.	(58).	
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4.6.2 Umbrella sampling  

In	 Paper	 II	 and	 III,	 I	 used	 umbrella	 sampling	 to	 obtain	 free	 energy	 profiles	 of	
reactions	 taking	 place	 in	 liquid	 HCN.	 Umbrella	 sampling	 is	 another	 enhanced	
molecular	 dynamics	 method	 (187).	 During	 umbrella	 sampling	 simulations,	 the	
system	is	constrained	at	different	points	along	a	reaction	coordinate.	As	opposed	
to	 metadynamics,	 umbrella	 sampling	 requires	 a	 pre-existing	 knowledge	 of	 the	
reaction	and	reaction	coordinate	one	wishes	to	study.	

The	free	energy	profile,	∆𝐺,	in	umbrella	sampling	is	calculated	based	on	the	relative	
probabilities	of	different	states	along	the	reaction	coordinate.	The	free	energy,	∆𝐺,				
is	calculated	based	on	a	probability	distribution,	𝑝(𝑟),		as		

∆𝐺(𝑟) = −𝑘G𝑇 𝑙𝑛 𝑝(𝑟)																																																							(4.3)	

	where	 kH	is	 Boltzmann’s	 constant	 and	 T	 is	 the	 temperature.	 The	 probability	
distribution	describes	the	system’s	position	along	the	reaction	coordinate	and	is	
obtained	by	gathering	statistics	from	molecular	dynamics	simulations.		

Some	areas	of	the	reaction	path	are	more	difficult	to	sample	because	they	lie	far	
from	minima.	Umbrella	sampling	uses	a	biased	probability	distribution	to	ensure	
that	 the	 whole	 reaction	 path	 is	 sampled.	 The	 added	 bias	 is	 in	 the	 form	 of	 a	
harmonic	potential	which	constrains	the	position	of	the	system.	The	potential	is	of	
the	form	

𝑉(𝑟) = 𝑘(𝑟 − 𝑟I)8,																																																									(4.4)		

where	k	is	a	force	constant,	r	is	the	reaction	coordinate	and	r0	is	the	center	of	the	
potential.	Sampling	the	whole	reaction	path	requires	several	parallel	simulations	
constrained	different	r0	values.			

Statistical	 errors	 in	 the	 free	energy	profile	obtained	 through	umbrella	 sampling	
simulations	arise	due	to	insufficient	sampling.	Block-averaging	is	a	method	used	
to	estimate	the	statistical	uncertainty	of	the	energy	profile	(188).	The	method	is	
based	on	creating	many	different	 sets	of	 system	configurations	 from	the	biased	
simulations.	Each	subset	of	configurations	is	used	to	generate	a	free	energy	profile.	
The	 standard	 deviation	 of	 the	 free	 energy	 profiles	 obtained	 from	 the	 different	
subsets	is	used	as	a	measure	of	the	uncertainty	in	the	energy.		

Umbrella	sampling	of	a	reaction	is	computationally	costly.	The	typical	simulation	
time	needed	to	obtain	a	free	energy	profile	for	a	reaction	using	ab	initio	molecular	
dynamics	 can	 be	 400-500	 ps.	 In	 Section	 6.3,	 I	 compare	 the	 effect	 of	 studying	
reactions	in	implicit	solvent	and	simulations.		

4.6.3 On using the PBE functional for atomistic simulations 

In	Paper	 II	and	III	we	made	use	of	ab	 initio	molecular	dynamics	simulations	 to	
study	reactions	in	a	dynamic	solvent	environment.	All	simulations	referred	to	in	
Chapter	6	were	carried	out	in	a	canonical	ensemble	at	278	K.	The	temperature	is	
close	to	the	center	of	the	temperature	span	where	HCN	is	liquid	and	matches	that	
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used	 in	 a	 polymerization	 experiment	 performed	 in	 liquid	 HCN	 (124).	 The	
simulations	 were	 performed	 with	 the	 Perdew–Burke-Ernzerhof	 (PBE)	 (165)	
functional	and	Grimme’s	D3	dispersion	corrections	(189)	(see	Paper	II	and	III)	with	
BO	molecular	dynamics	in	CP2K	v6.1	(190).	

The	well-known	PBE	functional	was	chosen	because	of	its	relative	speed	as	a	GGA	
functional	compared	to	the	more	accurate	hybrid	DFT	methods	(see	Section	4.1).	
Previous	 theoretical	 studies	 have	 shown	 that	 this	 level	 of	 theory	 correctly	
reproduces	the	experimental	dipole	moment	of	HCN	(54).	Yet,	the	PBE	functional	
is	known	to	underestimate	barrier	heights	(168,	 171).	Therefore,	we	consider	the	
known	errors	of	the	PBE	functional,	or	compute	error	corrections,	when	discussing	
the	 implied	 reaction	 rates	 of	 computed	 activation	 energies.	 The	mean	 absolute	
deviations	 are	 3	 and	 4	 kcal/mol	 for	 nucleophilic	 attacks	 and	 proton	 transfer	
respectively	 (170,	 191).	 	 The	 composite	 error	 (assuming	 the	 two	 processes	 as	
independent)	is	5	kcal/mol.	
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5  
The Thermodynamic Stability of HCN-

Derived Molecules and Polymers 

Experimental	studies	of	HCN	reaction	mixtures	over	the	past	century	have	resulted	
in	a	plenitude	of	proposed	polymer	structures	and	polymerization	pathways.	To	
this	day,	no	 single	polymerization	pathway	or	polymer	product	 is	 agreed	upon.	
This	chapter	explores	the	structure	of	HCN-derived	molecules	and	polymers	and	
is	based	on	 the	work	of	Paper	 I.	Our	quest	 to	elucidate	 the	 relative	energies	of	
HCN-based	chemical	structures	is	motivated	by	outstanding	answers	in	a	series	of	
important	 questions:	 Which	 HCN-derived	 molecules	 and	 polymers	 form	 in	
astrochemical	environments?	Which	molecules	may	constitute	monomers	in	various	
hypothetical	 polymerization	 processes?	 How	 does	 temperature	 affect	 the	
spontaneity	of	these	reactions?	

5.1 Evaluating the spontaneity of forming HCN-derived 
molecules and polymers 

In	 a	 step	 towards	 untangling	 the	 many	 polymerization	 hypotheses	 found	 in	
literature,	we	applied	quantum	chemistry	to	map	the	thermodynamic	landscape	of	
HCN-derived	 molecules	 and	 polymers.	 According	 to	 the	 second	 law	 of	
thermodynamics,	 spontaneous	 chemical	 processes	 must	 be	 thermodynamically	
favoured	(i.e.,	result	in	a	negative	change	of	the	free	energy).	As	such,	a	molecule	
or	polymer	formed	from	HCN	should	also	be	energetically	downhill	compared	to	
HCN.	 Figure	 5.1	 shows	 our	 free	 energy	 map	 for	 HCN-derived	 molecules	 and	
polymers.	From	this	point	on	I	discuss	Gibbs	free	energies	unless	otherwise	stated.	
The	 relative	position	of	 two	 structures	 in	 the	map	 indicates	which	one	 is	more	
stable.	 If	 one	 omits	 consideration	 of	 reaction	 kinetics,	 then	 the	 relative	 free	
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energies	 can	 be	 translated	 into	 relative	 probabilities	 of	 HCN	 reacting	 to	 form	
different	products,	via	the	Boltzmann	distribution.	

We	 included	 7	 molecules	 and	 24	 different	 polymers	 in	 our	 study	 (a	 two-
dimensional	and	a	three-dimensional	polymer	were	also	included	in	Paper	I	but	
are	not	discussed	here).	The	polymer	set	only	consists	of	structures	with	an	H,C,N	
1:1:1	molar	ratio.	For	such	materials	it	is	possible	to	evaluate	the	energy	of	an	HCN	
unit	in	the	structure	which	we	then	use	to	compare	thermodynamic	stability.	Our	
selection	of	materials	 is	not	 exhaustive,	 as	 the	 structural	 space	of	HCN-derived	
molecules	and	polymers	is	vast.	Instead,	we	include	molecules	that	are	implicated	
in	 various	 prebiotic	 HCN	 reactions	 and	 polymerizations,	 as	 well	 as	 proposed	
polymers	with	a	wide	variety	of	structural	motifs.		Refer	to	Paper	I	for	details	on	
the	studied	set	of	structures	and	pathways.	

We	 focus	 on	 the	 thermodynamic	 stability	 of	 HCN-based	materials	 in	 aqueous	
solution	at	298	K.	Although	HCN-derived	polymers	may	form	in	a	wide	variety	of	
environments,	an	aqueous	solution	and	(Earth)	ambient	conditions	are	common	
in	experiments.	In	what	follows,	I	focus	on	the	key	takeaways	and	only	discuss	a	
subset	of	the	studied	materials	using	the	nomenclature	shown	in	Figure	5.1	(refer	
to	Paper	I	for	further	details).	
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Figure	 5.1.	 The	 thermodynamic	 landscape	 of	 HCN-derived	 molecules	 and	
polymers	in	aqueous	solution	at	298	K	(reproduced	from	Paper	I).	Structures	are	
organized	 by	 the	 number	 of	 HCN	 molecules	 in	 their	 smallest	 repeating	 unit.		
Relative	 Gibbs	 free	 energies	 were	 evaluated	 at	 the	 B3LYP-D3/aug-cc-
pVDZ//B3LYP-D3/cc-pVDZ	 level	 of	 theory.	 The	 effects	 of	water	were	 described	
using	a	polarizable	continuum	model.		
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HCN’s	 high-energy	 content,	 and	 potential	 reactivity,	 is	 evident	 in	 Figure	 5.1.	
Almost	 all	 molecules	 and	 polymers	 lie	 below	 the	 small	 nitrile	 in	 energy.	 The	
relative	 free	 energy	 of	 the	 molecules	 and	 polymers	 varies	 between	 -15.7−+8.5	
kcal/(mol	HCN)	relative	to	HCN.	11	and	29	are	predicted	to	be	the	most	stable	out	
of	all	 studied	polymers.	Only	adenine	(6)	computes	as	more	stable.	Meanwhile,	
two	of	 the	more	simple	polymers	7	 and	8,	 lie	very	close	 in	energy	 to	HCN	(-1.4	
kcal/(mol	HCN)	and	+3.4	kcal/(mol	HCN)	respectively).	The	spontaneity	of	their	
formation	is	likely	sensitive	to	temperature	(see	section	5.2).	

Experimental	measurements	of	 the	heat	released	during	HCN	polymerization	(-
∆𝐻D)		can	be	compared	with	our	computed	relative	enthalpies	of	the	polymers	(see	
Paper	I).	Mozhaev	et	al.	measured	the	heat	released	during	radiation-induced	HCN	
polymerization	 in	 the	 neat	 liquid	 to	 be	 10.5	±	 1.4	 kcal/(mol	 HCN)	 at	 ambient	
conditions	 (59).	 6	 out	 of	 the	 24	 (12,	 17,	 19,	 20,	 23,	 26)	 studied	 polymers	 have	
computed	 relative	enthalpies	of	 -10.5	±	 1.4	kcal/(mol	HCN)	at	298	K.	The	most	
stable	polymers	according	to	our	calculations,	11	and	29,	lie	below	this	interval	with	
relative	enthalpies	of	-19	kcal/(mol	HCN)	relative	to	HCN.	

As	the	most	stable	structure	in	Figure	5.1,	6	should	be	the	major	product	of	HCN	
self-reactions	under	thermodynamic	control.	Yet	6	has	a	known	low	yield	in	HCN	
reaction	mixtures	in	a	range	of	temperatures	(195-363	K,	see	ref.	(69)	for	a	review).	
These	 disparate	 results	 can	 have	 a	 few	 different	 explanations.	 One	 discernible	
possibility	is	that	there	exist	additional	structures,	which	are	more	stable	than	6,	
that	were	not	included	in	this	study.	For	example,	condensation	reactions,	giving	
off	 ammonia	 to	 form	 other	 molecules	 and	 polymers,	 could	 yield	 more	 stable	
products.	 A	 second	 possibility	 is	 that	 formation	 of	 6	 is	 kinetically	 unfavoured	
compared	to	the	formation	of	other	products.	The	dichotomy	between	the	stability	
of	 6	 and	 the	 low	 yield	 of	 the	 nucleobase	 in	 HCN	 reactions	 merits	 further	
investigation.	

One	use	of	our	thermodynamics	map	is	 for	classifying	proposed	polymerization	
pathways	 as	 thermodynamically	 favoured	 or	 unfavoured.	 For	 example,	
aminocyanocarbene	(5)	has	a	central	role	in	mechanistic	suggestions	for	radical-
initiated	 polymerization	 of	 HCN	 (59,	 124,	 134).	 Another	 important	 proposed	
pathway	is	the	formation	of	5	from	aminomalononitrile	(3)	or	diaminomaleonitrile	
(4)	 (146,	 192).	 This	 reaction	 has	 been	 invoked	 when	 suggesting	 that	 5	 is	 the	
monomer	unit	of	polymer	20	(146,	192,	193).	In	Figure	5.1,	5	lies	8.5	kcal/mol	higher	
in	energy	than	HCN.	The	instability	of	5	implies	that	the	carbene	is	unlikely	to	act	
as	 an	 intermediate	 during	 polymerization.	 It	 is	 also	 unlikely	 that	 3	 or	4	 would	
spontaneously	 form	 5.	 Nevertheless,	 it	 cannot	 be	 ruled	 out	 that	 at	 higher-
temperatures,	trace	amounts	of	the	carbene	might	form,	allowing	it	to	play	a	role	
as	initiator	in	polymerization	mechanisms	(59,	124).	

Polymer	structures	9	and	15	were	proposed	by	Völker	(157)	and	Umemoto	(156),	
respectively.	 These	 polymers	 lie	 higher	 in	 energy	 than	 HCN	 as	 well	 as	
iminoacetonitrile	 (2)	 which	 was	 proposed	 as	 a	 monomer.	 Owing	 to	 the	 high	
predicted	 energy	 of	 9	 and	 15,	 we	 can	 conclude	 that	 they	 should	 not	 form	
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spontaneously	at	298	K.	On	the	other	hand,	one	of	Völker	other	propositions,	that	
the	dimer	2	 polymerizes	 to	 10,	 is	 estimated	 to	be	 thermodynamically	 favoured.	
Others	have	suggested	that	cis-	or	trans-4	forms	9,	10	or	15.	Figure	5.1	shows	that	
also	 these	 suggestions	 are	 unlikely	 to	 be	 true,	 based	 on	 the	 predicted	
thermodynamics.	However,	the	thermodynamic	map	reveals	much	more	about	the	
chemistry	of	4.	

4	is	among	the	more	stable	structures	in	Figure	5.1.	The	tetramer’s	stability	limits	
its	possible	polymerization	products	to	only	8	polymers	out	of	the	26	studied.	The	
most	stable	polymers	4	could	form	spontaneously	is	11	(proposed	in	ref.	(127))	and	
29	(proposed	in	ref.	(121)).	We	have	calculated	the	associated	enthalpy	of	4→11	and	
4→29	to	both	be	~	-10	kcal/(mol	HCN).	These	computed	energies	are	larger	than	
the	experimentally	measured	value	in	neat	the	neat	solid	or	melt	at	423−463	K	of	
~3	−5	kcal/(mol	HCN)	(154).	Thus,	whereas	11	and	29	are	the	most	likely	polymer	
products	of	4	judging	by	their	stability,	the	other	6	plausible	polymer	products	of	
4	 can	 tested	 for	 a	 better	 agreement	with	 experiments.	 3	 out	 of	 the	 6	 polymers	
(besides	 11	 and	 29)	 have	 N-heterocyclic	 rings.	 These	 polymers	 have	 a	 relative	
enthalpy	of	~	-8	−	 -5	kcal/(mol	HCN)	compared	to	4,	close	to	the	experimental	
values.	Meanwhile,	21	and	24	are	the	only	linear	polymers	studied	that	are	stable	
with	 respect	 to	4.	These	 linear	polymers	have	 relative	enthalpies	of	~	 -5	and	 -4	
kcal/(mol	HCN)	 compared	 to	4	 respectively,	matching	 the	 experimental	 values	
well.		

Figure	 5.2	 shows	 proposed	 pathways	 from	 4	 via	 21	 and	 24	 intermediates.	 For	
example,	polymers	21	and	25	have	been	proposed	as	intermediates	in	the	formation	
of	 11	 and	20	 (Fig.	 5.2)	 (121,	 149).	 In	prebiotic	 chemistry,	20	 is	 of	 special	 interest	
owing	 to	 Matthews	 and	 colleagues	 (193)	 who	 proposed	 the	 polymer	 as	 an	
intermediate	in	the	formation	of	heteropolypeptides	in	HCN	reaction	mixtures	–	a	
controversial	 suggestion	 (194).	 In	 the	 25	→	 21	 step,	HCN	 is	 eliminated,	 as	 also	
observed	 in	 experiments	 (127,	 149,	 150,	 154).	 Our	 calculations	 suggest	 that	
formation	 of	 20	 from	 4	 is	 slightly	 unfavoured	 (+1.2	 kcal/mol).	 The	 equilibrium	
between	20	and	21	is	expected	to	be	shifted	towards	21	(+1.5	kcal/mol).	On	the	other	
hand,	the	21	→	11	reaction	is	spontaneous.	The	4→29	pathway	via	24	(Fig	5.2)	also	
computes	as	thermodynamically	favoured.	In	summary,	our	computations	support	
suggestions	that	4	can	polymerize	to	form	11	via	intermediates	21	and	25,	and	29	
via	23	and	24	intermediates.	I	conclude	the	topic	of	the	potential	reactivity	of	4	by	
stating	that	further	investigations	into	the	reactivity	of	HCN	with	4	are	needed.	
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Figure	5.2.	Proposed	pathways	of	polymerization	of	diaminomaleonitrile	(4).	The	
free	energy	per	HCN	of	each	structure	relative	to	4	at	298	K	is	shown	in	 italics.		
Polymers	 21	 and	 24	 have	 relative	 enthalpies	 which	 match	 the	 experimentally	
measured	heat	of	polymerization	of	4.	Meanwhile,	the	polymers	11	and	29	are	the	
most	stable	products	out	of	those	investigated.		

5.2 Temperature effects in the thermodynamic map 

Our	 interest	 in	 HCN	 chemistry	 in	 a	 whole	 host	 of	 different	 astrochemical	
environments	 calls	 for	 considerations	 of	 temperature	 effects	 on	 the	
thermodynamic	map.	Polymerization	 reactions	are	generally	unfavoured	due	 to	
entropic	effects.	The	reason	is	the	loss	of	translational	and	rotational	degrees	of	
freedom	during	polymerization.	The	rotational	and	translational	entropies	are	the	
main	contributions	to	the	total	entropy	correction	of	the	free	energy	at	ambient	or	
colder	 conditions.	 At	 high	 temperatures	 this	 entropic	 correction	 (−𝑇Δ𝑆)	 is	
magnified.	

In	 Figure	 5.3	 the	 temperature	 effect	 is	 visualized	 by	 counting	 the	 number	 of	
thermodynamically	 favoured	polymers	 for	each	HCN-derived	molecule	at	0	and	
298	K,	respectively.	Two	general	 trends	can	be	observed.	The	 first	 is	 that	HCN-
derived	molecules	become	more	stable	per	HCN	as	their	size	increases,	reducing	
the	number	of	possible	products	as	a	result.	The	second	observable	trend	is	that	
the	number	of	viable	polymer	products	of	the	molecules	decreases	with	increasing	
temperature,	 as	 expected,	 and	 described	 above.	 The	 difference	 is	 largest	 for	 4	
which	may	transform	into	16	possible	polymer	products	at	0	K	compared	to	only	8	
at	 298	K.	 Intermediate	 temperatures	 lie	 in-between	 the	 values	 at	 0	 and	 298	K.		
Importantly,	11	and	29	are	more	stable	than	6	at	0	K.		

0

5

10

15

20

25

0 K
298 K

100422

N
um

be
r o

f t
he

rm
od

yn
am

ic
al

ly
 fa

vo
ur

ed
 p

ol
ym

er
 p

ro
du

ct
s

H
C

N
 (1

)

Im
in

ac
et

p-
ni

tri
le

 (2
)

Am
in

o-
m

al
on

on
itr

ile
(3

)

D
ia

m
in

o-
m

al
on

on
itr

ile
(4

)

Ad
en

in
e 

(6
)

˚

21 -0.325 +4.9

23 +0.624 -0.9

NC CN

NH2H2N

0.04
20

NH

N
H

CN

n

11

N

H
N

n
H2N

-6.5

+1.2

29 -6.8

N

N

H2N

H2N

n

A

N N

N

NH2

H2N O

C
N

H
N

O

N

N
C
N

NH

B

C

N

H
N

n
H2N

NH

n

NH2

CN
n

N

CN

NH2

NH2

n
Examples of polymer suggestions

Examples of functional groups Examples of  3D structures

7 8 9

10 11 12

N

H
N

n

12

N n

8

13

N

H
N

n

-HCN

100 150 200 250
Temperature [K]

-4

-3

-2

-1

0

1

R
el

at
iv

e 
fre

e 
en

er
gy

 [k
ca

l/m
ol

]

Polyimine
Iminoacetonitrile

Titan’s surface

Titan’s atm
osphere  

H
C

N
:w

ater 
eutectic point 

(2)
(7)

1 
H

C
N

/u
ni

t

2 
H

C
N

/u
ni

t

3 
H

C
N

/u
ni

t

4 
H

C
N

/u
ni

t

5 
H

C
N

/u
ni

t

Polymers

M
ol

ec
ul

es

0

-5

-10

-15

5

CNH2N

Re
la

tiv
e 

G
ib

bs
 e

ne
rg

y 
(Δ

G
29

8K
) [

kc
al

/(m
ol

 H
C

N
)]

˚

HN CN

CNNC

NH2

NC CN

NH2H2N

˚

N

N

n

NH2

H2N

N

H
N

CN

NH2
nNH2

N

H
N

NH

nNH2

N

N N
n

NH2

N

N
NH

n
NH2

N

N N
n

NH2

N

N

n
H2N

N

H
N

n
H2N

N

H
N

n

NH2

CN n

N

NH2

n

NH

n

N n

NH

N
H

CN

n

NH2
N
H

CN

n

N

CN

NH2

NH2

n

H
N

CN

N

n

NH2 CN

N
NH2

n

NH CN

H
N

NH2

n

N

N
CNH2N

n
NH2

N
H

CN

n

CNH2N

N
H

CN

n

HC N
n

N

C
NH

NH2
n

N

NH n

N
H

N

N

N
H2N

HN N

NC NH2

N

N
NH

n
NH2

1

7

8

22

11

16

31

27

18

10

15

17

24

23

5

20

21

2

4

14

6

3

19

25

13

28

26

30

12

9

29
N
H

CN

n

CNH2N NH2
N
H

CN

n

N

H
N

n

N n

N

H
N

n

NH2

CN n NH2

CN
n

N n

N

CN

NH2

NH2

n

N

H
N

n
H2N

NH

N
H

CN

n

NC CN

NH2H2N

CN

H
N

NH2

NH
n

CN

N
NH2

NH2
n



The	Thermodynamic	Stability	of	HCN-Derived	Molecules	and	Polymers	

	

	

	

41	

Figure	5.3.	The	HCN-derived	molecules	become	increasingly	stable	with	their	size.	
Consequently,	 the	 number	 of	 polymer	 structures	 that	 can	 spontaneously	 form	
from	such	molecules	also	decreases	with	its	size	(data	from	Paper	I).	The	effects	
vary	with	temperature.	In	total	24	polymers	were	included	in	the	study.		

The	effect	of	temperature	on	a	polymer’s	stability	is	well	exemplified	by	studying	
polymer	7	(polyimine)	(Fig.	5.4).	At	298	K,	7	is	slightly	favoured	by	-1.4	kcal/mol	
compared	to	hydrogen	bonded	HCN.	At	ambient	conditions,	2	–	the	monomer	of	
7	–	is	predicted	to	be	more	stable	than	7.	On	the	other	hand,	7	is	the	more	stable	
structure	at	temperatures	below	the	eutectic	point	of	aqueous	HCN	solutions,	such	
as	temperatures	found	in	the	atmosphere	and	on	the	surface	of	Titan,	as	well	as	on	
some	comets	in	the	inner	solar	system	(see	Chapter	1	and	3).	In	Chapter	6	we	study	
the	growth	of	small	chains	of	7	in	more	detail.		
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Figure	5.4.	The	temperature	dependence	of	the	free	energy	content	of	polyimine	
(7)	and	iminoacetonitrile	(2)	relative	to	HCN.	The	point	where	the	lines	intersect	
signifies	a	shift	in	relative	stabilities.		

5.3 Summary  

The	structural	space	of	possible	HCN-derived	polymers	is	vast.	In	part,	the	lack	of	
clarity	regarding	the	structure	of	the	formed	HCN-derived	polymer	stems	from	the	
reactive	nature	of	HCN,	which	makes	many	reaction	processes	favorable.	Indeed,	
the	formed	polymer	product	is	a	complex	and	heterogenous	one	(e.g.,	ref	(121)).		
Nevertheless,	 the	 long	 history	 of	 HCN	 polymer	 research	 has	 generated	 many	
suggestions	 of	 product	 structures	 and	 polymerization	 pathways.	 The	
thermodynamics	 map	 presented	 in	 this	 chapter	 is	 a	 tool	 for	 evaluating	
polymerization	pathways.	For	example,	the	HCN	tetramer	4	-	central	to	the	study	
of	HCN	chemistry	-	was	found	to	be	very	stable	with	respect	to	most	polymers.	Our	
results	suggest	that	the	HCN	polymerization	products	may	consist	of	11	or	29	under	
thermodynamic	control	(high	temperature).	Moreover,	6	is	computed	as	the	most	
stable	HCN-derived	 structure.	Unfavourable	 kinetics	 could	 account	 for	 the	 low	
yield	 of	 6	 in	 HCN	 reactions.	 If	 so,	 there	 may	 exist	 catalysts	 that	 favour	 the	
nucleobase’s	formation,	over	other	products,	in	prebiotic	environments.	Searching	
for	such	catalysts	is	one	possible	future	direction	of	research.		

Temperature	has	a	clear	effect	on	the	space	of	possible	polymerization	products.	
At	 low	 temperatures,	 such	 as	 those	 on	 Titan,	 the	 space	 of	 thermodynamically	
favoured	 products	 is	 larger.	 This	 chapter	 has	 shown	 which	 structures	 are	
thermodynamically	allowed	to	form.	However,	polymer	formation	is	also	governed	
by	reaction	kinetics,	the	topic	of	next	chapter.		
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6 
The Reactivity of HCN and HCN-

Derived Molecules 

The	HCN	 tetramer	diaminomaleonitrile	 (4)	 is	 a	 stable	product	 relative	 to	most	
HCN-derived	molecules	and	polymers,	with	thermodynamically	feasible	pathways	
to	the	most	stable	studied	polymer	structures	(see	Chapter	5).	Thus,	it	would	be	
reasonable	to	suggest	that	formation	of	more	complex	HCN-derived	molecules	and	
polymers	occurs	in	two	steps,	first	HCN	forms	4	which	then	converts	to	more	stable	
molecules	 or	 polymers.	However,	 some	 experimental	 observations	 suggest	 that	
this	is	not	the	case.	For	example,	polymerization	of	4	in	aqueous	solution	requires	
markedly	 higher	 temperatures	 compared	 to	 a	 typical	 HCN	 polymerization	
experiment	to	result	in	the	same	polymer	yield	(126).	Moreover,	solid	crystals	of	4	
can	be	observed	as	a	side-product	during	HCN	reactions	(e.g.,	refs.	(59,	124)).	In	
this	chapter,	I	study	and	compare	initial	stages	of	4	and	polyimine	(7)	formation	-	
both	 proposed	 products	 of	 base-catalyzed	 HCN	 reactions.	 I	 investigate	 how	
different	the	kinetics	and	thermodynamics	of	the	first	steps	in	the	formation	and	
4	and	7	are.	Moreover,	4	and	7	are	both	proposed	to	form	with	iminoacetonitrile	
(2)	as	a	first	intermediate.	2	has	been	suggested	to	be	the	rate-limiting	step	in	the	
formation	of	4	(138)	–	is	this	true	for	formation	of	7	as	well?	Could	formation	of	
either	4	or	7	occur	in	astrochemical	environments?	Here,	I	focus	on	reactions	in	
neat	HCN	–	a	simple	starting	point	for	studies	on	HCN	reactivity.	Molecules	and	
polymers	 which	 form	 in	 aqueous	 solution	 can	 incorporate	 oxygen	 through	
reactions	with	water,	expanding	the	space	of	possible	reactions	(121).	The	content	
of	this	chapter	is	based	on	Papers	II	and	III.	
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6.1 Iminoacetonitrile – a first intermediate in HCN 
oligomerization 

To	explore	HCN	reactivity,	we	begin	by	studying	the	first	proposed	step	of	HCN	
oligomerization:	the	formation	of	2.	Indirect	evidence	that	2	is	an	intermediate	in	
HCN	oligomerization	comes	from	experimental	studies	which	have	shown	that	N-
alkyliminoacetonitriles	 form	 N-alkyldiaminomaleonitriles	 –	 suggesting	 that	 the	
unsubstituted	2	forms	4	(139).	Moreover,	theoretical	studies	have	shown	that	2	is	
the	most	stable	HCN	dimer	(145).	2	has	also	been	detected	in	two	molecular	clouds,	
in	 Sagittarus	 B2(N)	 and	 G+0.693,	 making	 it	 additionally	 interesting	 within	 an	
astrochemistry	context	(195,	196).	 

Figure	6.1	shows	the	suggested	mechanism	for	base-catalyzed	formation	of	2	(68,	
138).	A	previous	theoretical	study	has	evaluated	the	kinetics	and	thermodynamics	
of	base-catalyzed	formation	of	2	in	an	aqueous	solution	(197).		In	that	study,	the	
method	used	to	describe	the	solvent	was	an	implicit	solvent	model,	and	the	focus	
was	 on	 evaluating	 the	 catalytic	 effect	 of	 ion-pairs.	 The	 study	 found	 that	 a	
simultaneous	 proton	 transfer	 and	 cyanide	 addition	 resulted	 in	 a	 lower-lying	
transition	state	than	in	a	stepwise	mechanism.		Here,	I	address	the	question	of	the	
explicit	 influence	 of	 an	 HCN	 solvent	 environment	 on	 the	 reaction	 kinetics.	

	
Figure	 6.1.	 Suggested	 mechanism	 for	 base-catalyzed	 formation	 of	
iminoacetonitrile	(2)	(68,	138),	which	we	evaluate	in	Paper	II	(198).		

6.1.1 The free energy for formation of iminoacetonitrile in neat HCN  

Figure	 6.2A	 shows	 snapshots	 from	 a	 simulated	 formation	 of	2	 in	 a	 liquid	HCN	
environment.	The	snapshots	are	taken	from	a	metadynamics	simulation	starting	
from	 a	 cyanide	 anion	 solvated	 in	HCN	 (see	 Section	 4.6.1).	 The	 simulation	was	
steered	towards	making	a	carbon-carbon	bond	between	the	cyanide	anion	and	an	
HCN	solvent	molecule.	Simulations	were	set	up	so	that	we	could	identify	transition	
states	 (via	 committor	 analysis,	 see	 Section	 4.6.1)	 Two	HCN	molecules	 and	 the	
cyanide	 anion	 participate	 in	 the	 reaction.	One	HCN	molecule	 coordinates	 and	
donates	a	proton	to	the	other	which	is	subjected	to	the	attack	by	the	cyanide	anion.		
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Figure	6.2.	The	free	energy	landscape	of	iminoacetonitrile	(2)	formation	in	path	
collective	variable	 space.	The	white	area	corresponds	 to	 regions	not	 sufficiently	
sampled	during	simulations.	Here,	 the	product	 is	 the	E-form	of	2.	We	compute	
that	the	two	isomers	of	2	are	almost	equal	in	energy	(within	1	kcal/mol).	Figure	is	
adapted	from	ref.	(198).	

Figure	6.2	shows	the	free	energy	profile	of	formation	of	2	as	a	function	of	s-	and	z-
coordinates	 (introduced	 in	 Section	 4.6).	 At	 the	 level	 of	 theory	 used	 in	 the	
simulations,	the	barrier	for	formation	of	2	is	15.5±1.2	kcal/mol	and	the	reaction	is	
exergonic	 by	 -7.1±0.8	 kcal/mol.	 The	 reported	 uncertainty	 corresponds	 to	 a	
standard	 deviation	 estimated	 through	 block-averaging,	 and	 is	 a	 result	 of	 the	
limited	sampling	during	the	simulations.	The	computed	barrier	is	low,	likely	due	
to	method	deficiency	(see	Section	4.6.3).	We	need	to	correct	the	free	energy	profile	
from	simulations	for	a	fair	comparison	between	our	computed	free	energy	profile	
and	experimental	rates.	

One	way	to	improve	upon	the	free	energies	obtained	in	simulations	is	to	correct	
the	electronic	energy	using	a	higher	rung	DFT	method.	In	Paper	II,	we	outline	a	
procedure	whereby	hybrid	DFT	energy	calculations	are	performed	on	structures	
taken	from	simulations	of	reactants,	products,	and	the	transition	state	(see	Paper	
II	for	details).	After	correcting	the	free	energy,	the	formation	of	2	in	HCN	liquid	is	
predicted	 to	 be	 marginally	 exergonic,	 ∆𝐺8JKLD =	 -1.4±0.8	 kcal/mol.	 Our	
corresponding	best	estimate	for	the	activation	energy	is	+21.8±1.2	kcal/mol.		

Our	predicted	dimerization	barrier	is	markedly	lower	than	previously	calculated	
for	the	same	base-catalyzed	formation	of	2	in	water	(197).	The	previous	study	used	
the	 MP2	 method,	 an	 implicit	 model	 for	 solvation,	 and	 considered	 only	 the	
electronic	energy	(not	the	free	energy).	The	reason	for	the	difference	between	the	
two	results	can	in	other	words	be	several.	An	additional	and	potentially	important	
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difference	 between	 the	 two	 models	 may	 be	 the	 presence	 of	 ion	 pairs.	 The	
concentration	of	ammonium	in	aqueous	polymerization	experiments	is	typically	
the	same	as	the	cyanide	concentration	(1	M,	pH	9.2).	However,	in	polar	solution,	
the	formation	of	ion-pairs	in	unlikely	due	to	the	efficient	ion	solvation	by	water.			

Before	we	compare	the	implied	reaction	rate	of	our	computed	activation	barrier	
with	experiments,	we	need	to	verify	whether	formation	of	2	is	the	rate-limiting	step	
during	base-catalyzed	oligomerization	of	HCN	in	the	neat	liquid.	Doing	so	requires	
investigating	the	corresponding	activation	barriers	of	subsequent	reaction	steps	in	
the	pathways	towards	4	and	7.		

6.2 Two proposed products of base-catalyzed HCN 
reactions: diaminomaleonitrile and polyimine 

4	 and	 7	 make	 out	 two	 different	 proposed	 products	 of	 base-catalyzed	 HCN	
reactions.	 However,	 whereas	 4	 is	 a	 known	 thermodynamically	 favoured	 and	
experimentally	detected	product	of	HCN	reactions	(see	Chapter	3	and	Chapter	5),	
7	 is	 barely	 thermodynamically	 favoured	 at	 298	 K	 in	 aqueous	 solution	 (-1.4	
kcal/(mol	HCN)).8	Still,	7	and	 fragments	 thereof	have	been	proposed	as	a	high-
energy	 intermediates,	 hypothesized	 to	 form	 heterocycles	 in	 HCN	 reaction	
mixtures	(154).	Moreover,	He	et	al.	tentatively	identified	7	as	the	major	product	of	
base-catalyzed	 polymerization	 of	 liquid	 HCN	 (123).	 7	 has	 been	 theoretically	
predicted	to	possess	catalytic	properties	and	be	able	to	absorb	wavelengths	of	light	
that	are	available	on	the	surface	of	Titan	(109).		Such	properties	might	enable	the	
polymer	 to	 partake	 in	 dynamic	 chemistry	 on	 the	 otherwise	 cold	 and	 relatively	
energy-poor	moon.	 In	 Paper	 III	 we	 explore	 the	 formation	 of	HCN	 trimers	 and	
tetramers,	proposed	to	lead	either	4	or	7.		

Figure	6.3	shows	proposed	competing	pathways	starting	from	2	and	leading	to	4	
and	7	(Fig.	6.3).	Pathway	1,	leading	to	4,	starts	with	an	attack	by	a	cyanide	anion	on	
the	 dimer’s	 sp2	 carbon,	 forming	 aminomalononitrile	 (3)	 as	 a	 product	 (Fig	 6.3,	
pathway	 1)	 (138).	 In	 a	 subsequent	 step,	 3	 is	 proposed	 to	 form	 2-amino-3-imino	
butanedinitrile	(32),	a	tautomer	of	4,	through	a	cyanide	addition	to	one	of	its	nitrile	
groups	(122).	In	a	last	step,	32	tautomerizes	to	form	4.	In	contrast,	the	proposed	
formation	of	7	 instead	begins	with	a	cyanide	addition	to	the	nitrile	carbon	of	2,	
forming	the	trimer	2,3-diiminopropanenitrile	(33)	(Fig	6.3,	pathway	2)	(123).	In	the	
next	 step,	 33	 can	 form	 the	 tetramer	 2,3,4-triiminobutanenitrile	 (34).	 Continued	
additions	of	cyanide	anions	to	the	nitrile	group	of	the	growing	oligomer	chain	leads	
to	formation	of	7.	As	a	third	alternative,	He	et	al.	proposed	that	33	also	can	form	4	
via	32	as	an	intermediate	(Fig	6.3,	pathway	3)	(123).	

	
8	7	is	more	favoured	at	lower	temperatures,	see	Chapter	5.	
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Figure	 6.3.	 Three	 proposed	 reaction	 pathways	 for	 base-catalyzed	 HCN	
oligomerization	and	polymerization.	Pathways	1	and	3	both	lead	to	the	commonly	
observed	product	diaminomaleonitrile	 (4).	Polyimine	 (7)	has	been	 suggested	 to	
form	in	base-catalyzed	HCN	polymerization	via	successive	cyanide	additions	onto	
the	nitrile	group	of	the	growing	polymer	chain.	Figure	adapted	from	Paper	III.		

6.2.1 The free energy of base-catalyzed HCN oligomerization 

Figure	6.4	shows	the	studied	free	energy	profile	of	the	first	stage	of	formation	of	4	
and	 7	 in	 HCN	 liquid.	 Our	 derived	 free	 energy	 profile	 shows	 that	 pathway	 1	
(formation	of	4)	is	favoured	under	thermodynamic	control.	We	did	not	study	the	
last	step	of	pathway	1	(32→4)	but	expect	such	imine-enamine	tautomerization	to	
proceed	relatively	fast	 in	a	protic	polar	solvent	such	as	HCN.	4	computes	as	~14	
kcal/mol	more	stable	than	32	at	278	K	(refer	to	Paper	III	for	details).	
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Figure	 6.4.	 The	 computed	 energy	 profiles	 of	 the	 first	 steps	 of	 base-catalyzed	
formation	 of	 polyimine	 (7)	 and	 diaminomaleonitrile	 (4).	 The	 free	 energy	 was	
computed	 through	 umbrella	 sampling	 simulations	 at	 278	 K	 using	 PBE-D3	 (see	
Paper	III	for	details).	Figure	adapted	from	Paper	III.	

Our	results	in	Figure	6.4	show	that	the	first	steps	during	formation	of	4	and	7	are	
kinetically	 competitive.	 In	 the	 trimerization	 step,	 a	 cyanide	 addition	 onto	 the	
nitrile	group	occurs	with	very	similar	activation	barrier	as	an	addition	to	the	sp2	
carbon	 (difference	 <0.5	 kcal/mol).	 Moreover,	 the	 two	 lowest	 barriers	 of	 the	
tetramerization	steps	(33→32	and	33→34)	compute	as	less	than	0.1	kcal/mol	apart.	
After	correcting	the	trimerization	and	tetramerization	barriers	to	account	for	the	
method	deficiency	in	simulations,	(see	Section	4.6.3),	all	barriers	in	pathways	1-3	
lie	below	~16	kcal/mol.	I	also	note	that	the	barrier	for	continued	polyimine	growth	
remains	low	(similar	to	the	barrier	for	trimerization	and	tetramerization)	even	for	
considerably	longer	polyimine	structures	(see	Paper	III	for	details).	These	results	
mean	that	polyimine	oligomers	likely	form	to	a	similar	extent	as	4	under	kinetic	
control	(i.e.,	low	temperature).	Polyimine	oligomers	could	possibly	have	a	role	as	
high-energy	intermediates	in	the	formation	of	heterocycles,	as	proposed	by	Ruiz-
Bermejo	 and	 colleagues	 (154).	Whether	 or	 not	 there	 exist	 kinetically	 accessible	
routes	from	small	polyimine	fragments	to	heterocycles	has	not	been	explored	yet.			
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The	 reliability	 of	 our	 computed	 barriers	 (setting	 the	 method	 deficiency	 aside)	
depends	on	the	statistical	error	due	to	sampling	(see	Section	4.6.2).	In	this	case,	
the	statistical	error	due	to	 insufficient	sampling	 is	between	1.1-2.9	kcal/mol	(see	
details	 in	Paper	III).	For	context,	an	energy	difference	of	3	kcal/mol	results	 in	a	
relative	Boltzmann	population	on	 the	order	of	 10-4-10-3	 between	200	and	278	K.	
Hence,	 the	 uncertainty	 in	 the	 predicted	 ratio	 of	 4	 and	 7	 (based	 solely	 on	 the	
kinetics)	can	vary	with	several	orders	of	magnitude.	

6.2.2 Predicting the timescale for polyimine and diaminomaleonitrile 
formation in different environments 

Taken	together,	our	results	show	that	formation	of	2	is	the	rate	limiting	step,	both	
in	the	formation	of	4	and	of	7	during	base-catalyzed	reactions	of	liquid	HCN.	The	
trimerization	and	tetramerization	barriers	compute	as	~5-8	kcal/mol	lower	than	
the	 barrier	 for	 the	 rate-limiting	 step	 (Fig.	 6.4).	 The	 rate-limiting	 step	 of	 a	
mechanism	is	most	important	in	governing	the	apparent	reaction	rates.	Thus,	we	
can	compare	the	predicted	reaction	rate	of	dimerization	with	the	observed	rate	of	
diaminomaleonitrile	or	polymer	appearance.	

In	Figure	6.5	we	show	the	dimerization	reaction	half-life	computed	as	a	function	
of	 temperature	 (estimated	with	 the	Eyring	 equation	 and	 assuming	 a	 first-order	
reaction).	At	278	K,	the	half-life	of	the	reaction	is	about	5	hours.	For	comparison,	
in	the	studies	of	Mamajanov	and	Herzfeld	the	appearance	of	polymer	(in	pure	HCN	
at	 278	 K)	 happened	 on	 the	 order	 of	 days	 (124).	 He	 et	 al.	 observed	 a	 similar	
experimental	polymerization	rate	 in	pure	HCN	at	room	temperature	(123).	 	The	
difference	between	a	half-life	of	hours	and	days	at	ambient	temperature	is	large	
but	corresponds	to	small	difference	in	activation	energy	(~1	kcal/mol).	
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Figure	6.5.	Our	estimate	of	the	half-life	for	iminoacetonitrile	(2)	formation	as	a	
function	of	temperature	in	pure	HCN	using	a	first-order	Eyring	equation.	The	three	
lines	correspond	to	our	barrier	estimate	21.8±1.2	kcal/mol.	The	barrier	height	 is	
temperature	 dependent.	 We	 have	 used	 the	 barrier	 calculated	 at	 278	 K	 to	
extrapolate	reaction	times	to	lower	and	higher	temperatures.	The	half-life	at	the	
temperature	of	the	simulations	(278	K)	is	on	the	order	of	hours.	At	the	eutectic	
temperate	(	250	K),	the	half-life	is	on	the	scale	of	days.	Experimental	data	is	shown	
as	 squares	 reactions	 in	 neat	 HCN	 liquid	 and	 triangles	 –	 reactions	 in	 aqueous	
solution.	Data	from	aref.	(199),	bref.	(138),	cref.	(124),	dref.	(123)and	eref.	(132).	Figure	
adapted	from	Paper	II	(198).	

If	 one	 assumes	 a	 similar	 barrier	 in	 aqueous	 solution	 as	 in	 liquid	HCN,	we	 can	
expand	our	comparison	to	experimental	rates	observed	in	aqueous	solution.	Such	
a	comparison	is	approximate.	Yet,	as	water	and	HCN	are	both	polar	protic	solvents,	
we	might	expect	 similar	 trends	 in	 the	 solvation	effects	 from	the	 two	 liquids.	 In	
Figure	6.5	we	can	see	that	the	computed	half-life	agrees	well	with	observed	reaction	
rates	 close	 to	 the	 eutectic	point	of	HCN	and	water	mixtures.	The	 agreement	 is	
worse	at	high	(320	K)	and	low	(190	K)	temperatures.	Our	computed	dimerization	
barrier	is	~6	kcal/mol	larger	than	the	apparent	polymerization	barrier	measured	in	
aqueous	solution	by	Mas	et	al.	(measured	between	323-363	K)	(132).	However,	our	
barrier	is	in	relative	agreement	with	the	computed	activation	barrier	by	Fernandez	
et	al.		measured	in	aqueous	solution	(11-20	kcal/mol)	at	348-363	K	(200),	as	well	as	
the	tetramerization	rate	observed	by	Sanchez	et	al.	in	aqueous	solution	at	273-313	
K	(122).	In	summary,	our	results	support	the	premise	in	which	formation	of	2	is	the	
rate-limiting	step	in	base-catalyzed	HCN	polymerization,	as	proposed	by	Sanchez	
et	al.	(138).	

Figure	 6.5	 reveals	 the	 reaction	 rate	 of	 the	 studied	 HCN	 dimerization	 in	 other	
temperatures	 relevant	 to	 astrochemical	 environments.	 	 For	 example,	 at	
temperatures	 around	 to	 200	 K	 (close	 to	 the	 warmest	 temperature	 in	 Titan’s	
atmosphere)	the	reaction	would	proceed	with	a	time	scale	of	thousands	of	years.	
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Albeit	 exceedingly	 too	 slow	 to	 observe	 in	 experiments,	 the	 time	 frame	 is	 still	
interesting	in	an	astrochemistry	context.	On	the	other	hand,	at	temperatures	close	
to	those	on	the	surface	of	Titan	(94	K)	the	predicted	reaction	rate	exceeds	the	age	
of	the	Universe,	and	the	reaction	is	clearly	not	feasible.	Future	work	could	explore	
other	compounds’	potential	to	catalyze	formation	of	4	and	7	at	low	temperatures,	
as	 indicated	 in	 experiments	 (131).	 The	 subsequent	 steps	 after	 dimerization,	
formation	 of	HCN	 trimers	 and	 tetramers,	 could	 occur	 relatively	 fast	 (timescale	
thousands	of	years)	with	activation	barriers	of	~	16	kcal/mol	at	temperatures	as	low	
as	~150	K.		

6.3 On the role of simulations when studying HCN 
reactions 

We	 have	 used	 molecular	 dynamics	 simulations	 to	 better	 describe	 the	 solvent	
environment	of	HCN.	However,	such	methods	are	time-consuming.	The	cost	of	
studying	a	reaction	profile	using	molecular	dynamics	is	approximately	three	orders	
of	 magnitude	 larger	 compared	 to	 a	 standard	 molecular	 (static)	 calculation	
combined	with	an	implicit	solvent	model	(~1	CPU	hour	per	reaction	compared	to	
thousands).	After	evaluating	free	energy	profiles	obtained	using	both	approaches	
it	is	therefore	crucial	to	ask:		When	is	practically	motivated	to	employ	molecular	
dynamics	 simulations?	 Solvent	 effects	 are	 expected	 to	 be	 more	 accurately	
described	using	simulations	(see	section	4.4),	while	implicit	models	are	markedly	
cheaper	to	use.		

Figure	6.6	 shows	a	comparison	of	 reaction	 free	energies	 (panel	A)	and	 reaction	
barriers	(panel	B)	computed	through	simulations	and	molecular	modelling.	There	
is	a	good	linear	relationship	between	the	two	methods.	The	simulations	compute	
the	 free	 energy	 barriers	 as	 slightly	 less	 than	 does	 the	 PCM	 model	 (MAD	 1.2	
kcal/mol).	 On	 the	 one	 hand,	 the	 agreement	 in	 Figure	 6.6	 is	 surprising,	 as	 we	
modelled	HCN	using	 a	water	 PCM	model	with	 an	 adjusted	dielectric	 constant.	
Moreover,	 hydrogen	 bonding	 and	 proton	 transfers	 are	 important	 parts	 of	 the	
studied	reactions.	Interactions	with	the	HCN	liquid	is	something	implicit	models	
cannot	capture	(see	section	4.4).	However,	in	this	case,	PCM	predicts	well	the	free	
energy	 profile	 of	 base-catalyzed	HCN	 reactions,	 at	 least	 at	 the	 PBE-D3	 level	 of	
theory.		
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Figure	6.6.	A	comparison	of	the	reaction	free	energy	(Panel	A)	and	barrier	(Panel	
B)	 from	 simulations	 and	 molecular	 modelling	 in	 PCM.	 The	 trimerization	 and	
tetramerization	transition	states	are	named	as	in	section	6.2.1.	The	dimer	transition	
state	is	named	TS0.	In	Panel	A,	the	products	corresponding	to	those	formed	from	
the	 transition	 state	 have	 been	 given	 the	 same	 numbers.	 The	 simulations	 were	
performed	 at	 the	 PBE-D3/GTH-DZVP	 level	 while	 the	molecular	modelling	was	
done	with	PBE-D3/6-31G(d,p).	The	water	PCM	model	was	used	with	an	adjusted	
dielectric	constant	to	that	of	HCN	at	278	K	(144.8	(51)).		

We	 cannot	 say	 how	 the	 comparison	 in	 Figure	 6.6	 would	 appear	 when	 using	
another,	higher	level	of	theory.	On	the	other	hand,	the	associated	computational	
costs	hinder	us	from	making	the	same	type	of	comparison.	I	note,	however,	that	
the	corrected	dimerization	barrier	(hybrid	DFT	level)	computes	at	2.5	kcal/mol	less	
than	the	corresponding	value	in	PCM.	In	future	work,	hybrid	functionals	could	be	
used	within	a	QM/MM	description,	in	which	different	levels	of	theory	are	used	for	
the	 surrounding	 and	 reacting	 complex.	 However,	 QM/MM	 is	 less	 practical	 for	
reaction	 exploration,	 when	 it	 is	 unknown	 which	 molecules	 participate	 in	 the	
reactions.	

I	note	that	one	challenge	in	molecular	modelling	of	reactions	in	solutions	is	the	
choice	of	reference	state	(the	model	of	the	reactant).	The	reference	can	either	be	a	
reactant	complex	or	non-interacting	solvated	reactant	molecules.	Both	reference	
models	 come	 with	 drawbacks.	 In	 this	 case,	 Figure	 6.7	 validates	 our	 choice	 of	
reference	structure	(the	reactant	complex)	in	the	molecular	modelling.	

6.4 Conclusions 

Simulations	have	been	used	to	demonstrate	very	similar	kinetics	for	the	formation	
of	4	and	7.	For	both	products,	formation	of	2	is	the	rate-limiting	step.	Out	of	the	
two	products,	4	is	strongly	thermodynamically	favoured.	We	find	that	there	is	little	
kinetic	preference	for	pathways	leading	to	either	product	in	the	trimerization	and	
tetramerization	steps. 	
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Our	 studies	 suggest	 that	 base-catalyzed	 HCN	 oligomerization	 via	 cyanide	
additions	 can	 proceed	 under	 relatively	 low	 temperatures	 (>200	 K,	 assuming	 a	
temperature	independent	barrier)	such	as	those	on	some	cometary	surfaces	(<	4	
AU)	(112),	or	 in	concentrated	solutions	which	might	have	existed	on	early	Earth	
(like	 eutectic	 phases).	 However,	 barring	 heating	 through	 high-energy	 impact	
events,	the	conditions	on	Titan’s	surface	are	likely	too	cold	to	allow	for	formation	
of	2	through	the	investigated	pathway.		

One	 limitation	 of	 comparing	 our	 results	 with	 experiments	 is	 that	 our	 model	
describes	a	pure	HCN	system.	In	experiments,	 trace	amounts	of	 impurities	may	
exist	which	could	facilitate	initiation	of	polymerization.	Our	model	does	not	either	
describe	 the	 role	 of	 known	 oligometization	 catalysts,	 such	 as	 cyanohydrins,	
glyconitrile	or	ammonia	(121,	131).	Future	studies	might	explore	other	small,	readily	
available	nitriles,	as	initiators	for	base-catalyzed	HCN	reactions.	The	subsequent	
steps	 following	 dimerization,	 forming	 HCN	 trimers	 and	 tetramers,	 have	 lower	
estimated	 activation	 barriers	 than	 formation	 of	 2,	 which	 suggests	 that	 once	
initiated,	 HCN	 oligomerization	 could	 proceed	 at	 lower	 temperatures	 than	 the	
dimerization	can.	

This	chapter	compared	two	computational	approaches	for	exploring	reactions	in	
HCN	 solvent.	 On	 one	 hand,	 the	 simulations	 approach	 allows	 for	 a	 detailed	
description	 of	 the	 HCN	 solvent.	 On	 the	 other	 hand,	 the	 simulations	 are	
computationally	costly	and	limit	the	level	of	theory.	We	can	conclude	that	the	free	
energy	 profiles	 for	 base-catalyzed	 HCN	 reactions	 obtained	 using	 an	 implicit	
solvent	model	and	an	explicit	solvent	model	are	very	similar	and	show	the	same	
trends.	Future	studies	can	reduce	computational	cost	associated	with	constructing	
a	free	energy	profile	by	using	smaller	molecular	models.	Simulations	are	still	useful	
in	reaction	exploration	through	metadynamics	at	fast	and	lower	levels	of	theory.	
Automated	 reaction	 searches	 could	 allow	 for	 an	 efficient	 exploration	 of	 HCN	
reactions	and	products	(201).		
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7 
Evaluating the Potential for Cell 

Membranes in the Lakes of Titan 

Is	there	life	in	other	places	of	the	Universe,	and	if	so,	where?	Could	cell	membranes	
form	in	a	world	without	liquid	water?	The	imagination	may	not	know	any	limits	in	
answering	this	question,	but	chemistry	might.	In	this	chapter,	I	use	computational	
chemistry	to	explore	the	plausibility	of	cryogenically	operable	membranes	in	the	
hydrocarbon	lakes	of	Titan.	The	content	of	this	chapter	is	based	on	Paper	IV.	

7.1 The role of the membrane 

Life	as	we	know	 it	 relies	on	membranes	 to	concentrate,	 compartmentalize,	and	
protect	 the	molecular	machinery	 inside	 the	 cell	 (202).	 It	may	 be	 reasonable	 to	
assume	that	life	in	other	places	of	the	Universe	would	do	the	same,	possibly	under	
completely	different	environmental	conditions,	such	as	those	of	Titan.	On	Earth,	
cell	membranes	 exist	 in	 a	water	 surrounding,	 and	most	 often	 close	 to	 ambient	
conditions.	On	Titan,	on	the	other	hand,	the	lakes,	made	of	hydrocarbons,	are	very	
cold	(<94	K)	(203).	Any	membrane	stable	on	Titan	would	need	to	adapt	to	these	
widely	 different	 conditions.	 Here,	 we	 investigate	 whether	 one	 certain	 type	 of	
membrane	 could	 be	 operable	 on	 Titan.	 Before	 I	 go	 on	 to	 describe	 the	 specific	
hypothesis	to	be	explored,	it	helps	to	remind	of	how	normal	cell	membranes	form	
and	operate.		
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A	cell	membrane	has	two	domains:	a	hydrophilic	external	part	which	is	exposed	to	
water	 and	 an	 internal	 hydrophobic	 part	 (left	 panel,	 Fig	 7.1).	 The	membrane	 is	
composed	of	molecules	which	arrange	to	form	a	membrane	through	the	process	of	
self-assembly.	The	molecules	are	often	amphiphilic	with	one	polar	and	one	non-
polar	end.	Such	amphiphilic	molecules	arrange	in	a	bilayer	structure	(left	panel,	
Fig	7.1).	The	driving	force	for	the	self-assembly	is	 in	part	an	entropic	one	and	is	
called	the	hydrophobic	effect.	As	a	result	of	membrane	formation,	the	number	of	
possible	 interactions	 in	 the	 network	 of	 water	 molecules	 surrounding	 the	
membrane,	is	maximized	(204).	At	the	same	time,	the	water	molecules	can	create	
favourable	enthalpic	 interactions	 through	hydrogen	bonds	amongst	 themselves.	
The	hydrophobic	effect	is	not	operable	on	Titan	as	its	lakes	and	seas	are	made	of	
non-polar	 hydrocarbon	 liquids	 which	 do	 not	 form	 hydrogen	 bond	 networks.

	
Figure	7.1	Two	different	types	of	membranes.	Left	panel:	A	bilayer	membrane	in	
an	aqueous	solution	has	an	external	hydrophilic	part	and	an	internal	hydrophobic	
part.	 Right	 panel:	 An	 inverted	 membrane	 proposed	 to	 form	 in	 hydrocarbon	
solvents,	like	those	in	the	lakes	of	Titan.	The	hydrophilic	polar	ends	are	oriented	
towards	the	internal	part	of	the	membrane,	while	the	non-polar	end	is	in	contact	
with	the	hydrocarbon	solvent.	Figure	reproduced	from	ref.	(58).	

In	a	non-polar	liquid,	like	in	the	hydrocarbon	seas	of	Titan,	the	self-assembly	of	
amphiphilic	molecules	is	hypothesized	to	result	in	an	inverted	membrane	(Figure	
7.1,	Right	panel)	(205).	The	driving	force	for	this	type	of	self-assembly	would	not	
be	 entropic,	 but	 rather	 enthalpic.	 The	 polar	 hydrophilic	 end	 groups	 have	 the	
potential	 for	the	strongest	type	of	 interaction.	However,	to	maintain	membrane	
fluidity	 at	 low	 temperatures,	 interactions	 between	molecules	 in	 the	membrane	
cannot	 be	 too	 strong.	 Only	 small	 polar	 molecules	 would	 have	 weak-enough	
dispersion	interactions	in	low-temperature	environments.		
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ΔG90K = 8 kJ/mol C2H3CN
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With	these	prerequisites	in	mind,	the	azotosomes	were	proposed	by	Stevenson	et	
al.	as	a	type	of	membrane	which	could	form	on	Titan	(205).	Azotosome	is	a	name	
given	 to	 inverted	membranes	which	 are	made	 up	 of	 polar	 nitrogen	 containing	
compounds.	Stevenson	et	al.	computationally	tested	the	kinetic	stability	of	several	
azotosomes	 made	 up	 of	 such	 small	 polar	 molecules.	 Membranes	 made	 from	
acrylonitrile	 showed	 the	 best	 promise,	 both	 in	 terms	 of	 kinetic	 stability	 and	
flexibility	 (205).	Moreover,	acrylonitrile	has	been	detected	 in	 the	atmosphere	of	
Titan,	 increasing	 the	 relevance	 of	 the	 azotosome	 proposal	 (206).	 With	 the	
detection	of	acrylonitrile	and	the	predicted	kinetic	stability	of	the	azotosome,	the	
idea	of	membranes	on	Titan	appeared	as	a	 real	possibility.	But	can	azotosomes	
form	in	the	first	place?	

7.2 Can membranes be operable on Titan? 

The	 spontaneous	 self-assembly	 of	 acrylonitrile	 molecules	 into	 an	 azotosome	
depends	on	the	thermodynamic	landscape	of	acrylonitrile.	To	form,	the	azotosome	
needs	 to	 be	 the	 most	 stable	 form	 of	 acrylonitrile	 on	 Titan’s	 cold	 surface.	 The	
competitors	are	solid	acrylonitrile	(f.p.	170	K)	or	acrylonitrile	solvated	in	the	Titan’s	
hydrocarbon	seas.	To	determine	which	structure	is	thermodynamically	favoured,	
we	computed	the	free	energy	of	the	azotosome	and	solid	acrylonitrile.	Doing	so	
requires	consideration	of	thermal	effects	as	well	methane	solvation	effects.		

Figure	7.2	 shows	 the	 computed	 relative	 free	 energies	of	 the	azotosome	and	 the	
most	stable	form	of	solid	acrylonitrile	(see	Paper	IV	for	details).	The	relative	energy	
of	an	acrylonitrile	molecule	in	the	azotosome	compared	to	the	crystal	structure	is	
8-11	kJ/mol.		The	range	corresponds	to	different	ways	of	computing	van	der	waals	
interactions	(PBE(165)-D3(189)	and	vdw-df-cx	(207),	see	Paper	IV).	The	difference	
in	 energy	per	molecule	between	 the	 structures	 is	 small.	 Yet,	 an	 azotosome	 is	 a	
supramolecular	 structure	 made	 from	 many	 acrylonitrile	 molecules.	 Multiple	
building	blocks	are	required	to	form	one	mol	of	membrane.	Hence,	the	larger	the	
azotosome	is,	the	larger	is	the	energy	difference	between	the	azotosome	and	solid	
acrylonitrile.	The	probability	of	forming	an	azotosome	structure	can	be	computed	
via	the	Boltzmann	distribution.	As	the	energy	difference	between	the	azotosome	
and	solid	grows,	 the	probability	becomes	diminishingly	small.	Hence,	 it	 follows	
that	azotosome	formation,	proposed	to	occur	in	the	seas	of	Titan,	is	unlikely.			
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Figure	7.2.		A	thermodynamic	evaluation	of	membrane	stability.	DFT	calculations	
estimate	that	the	azotosome	is	not	thermodynamically	favored	to	form	in	the	seas	
of	Saturn’s	moon	Titan.	The	acrylonitrile	molecules	will	instead	form	the	solid	form	
of	 the	molecule.	Crystal	 symmetries	of	 the	considered	phases	are	 shown	within	
parenthesis.	Figure	is	reproduced	from	Sandström	and	Rahm	(Paper	IV)	(208).		

7.3 Comparing acrylonitrile solubility and critical 
azotosome concentration 

As	outlined	above,	the	azotosome	will	not	form	spontaneously	from	the	solid	in	
Titan’s	seas.	Yet,	one	might	wonder	whether	azotosomes	could	still	form	directly	
from	acrylonitrile	molecules	solvated	in	methane.	The	answer	to	this	question	can	
be	found	by	studying	the	solubility	of	acrylonitrile.	The	solubility	corresponds	to	
the	maximum	concentration	of	acrylonitrile	in	the	methane	solvent.	The	solubility,	
𝐾M,	 is	 related	 to	 the	 relative	 energy	 between	 the	 solid	 and	 the	 solvated	
molecule,	∆𝐺FD(B>FD(<N,	according	to	

∆𝐺FD(B>FD(<N = −𝑅𝑇𝑙𝑛𝐾M																																										(7.1)	

	where	 𝑅	 is	 the	 gas	 constant	 and	 	 𝑇	 is	 the	 temperature.	 The	 solubility	 of	
acrylonitrile	 in	methane	 has	 been	 estimated	 to	 10-10	M	 (based	 on	 the	methane	
molar	density	of	28	M	(209)	at	94	K,	1.5	bar	and	a	solubility	of	10-11	mole	fractions	
(210)).	This	solubility	corresponds	to	a	∆𝐺FD(B>FD(<N		of		~18	kJ/mol	in	favour	of	the	
solid.	Furthermore,	∆𝐺FD(B>FD(<N	can	be	used	to	estimate	the	relative	energy	of	the	
solvated	azotosome	compared	to	the	solvated	molecule,	∆𝐺4OD0DFD3'>FD(B,	to	-10	–		

-7	kJ/mol.	In	other	words,	acrylonitrile	is	more	stable	in	the	solvated	azotosome	
than	when	solvated	in	methane.	We	can	use	∆𝐺4OD0DFD3'>FD(B	to	derive	a	measure	
analogous	 to	 critical	 micelle	 concentration	 (the	 acrylonitrile	 concentration	
required	for	azotosome	formation),	which	we	call	𝐶P2<0<P4(	according	to		

Acrylonitrile ice (Pna21)
ΔG90K = 8-11 kJ/mol 
C2H3CN

Proposed “azotosome” cell-membrane (Pc)

C
N

H2C
CH

Acrylonitrile
CH4

Water sea Hydrocarbon sea

HydrophilicHydrophobic
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∆𝐺4OD0DFD3'>FD(B = 𝑅𝑇𝑙𝑛𝐶P2<0<P4( .																																									(7.2)	

Using	 Eq.	 (7.2),	 the	 critical	 azotosome	 concentration	 computes	 to	 10-6-10-4	 M.	
Through	 a	 comparison	 of	 Equations	 (7.1)	 and	 (7.2),	 we	 can	 conclude	 that	 the	
critical	azotosome	concentration	cannot	be	reached	if	the	solvated	azotosome	is	
less	 stable	 than	 solid	 acrylonitrile.	 Hence,	 an	 azotosome	more	 stable	 than	 the	
acrylonitrile	solid	is	a	requirement	for	azotosome	self-assembly	in	the	seas	of	Titan.	
The	critical	azotosome	concentration	and	solubility	are	only	approximate	in	the	
absence	 of	 experimental	measurements.	With	 the	 available	 solubility	 estimates	
and	our	computed	relative	energy	of	the	azotosome,	we	derive	a	minimum	four	
order	 of	 magnitudes	 difference	 between	 the	 solubility	 of	 acrylonitrile	 and	 the	
critical	azotosome	concentration	at	94	K.	

7.4 Conclusions 

Can	 there	 be	 alternative	 forms	 of	 cell	 membranes	 on	 Titan?	 According	 to	 our	
estimates	the	answer	is	no.	Whereas	azotosomes	have	been	shown	to	be	kinetically	
stable,	 the	 unfavorable	 thermodynamics	 argues	 against	 this	 hypothesis.	 I	 note,	
however,	 that	 we	 focused	 our	 study	 to	 acrylonitrile	 azotosomes.	We	 have	 not	
proven	 that	other	 types	of	 azotosomes,	made	 from	other	molecules	or	 at	other	
temperatures,	are	thermodynamically	unviable.		

The	 proposal	 of	 the	 azotosome	 has	 inspired	work	 on	 inverted	membranes	 and	
micelles	 in	 hydrocarbon	 solvents.	 For	 example,	 inverted	 micelles,	 whose	 self-
assembly	would	be	driven	by	the	same	enthalpic	principle	as	that	proposed	for	the	
azotosome,	 were	 experimentally	 observed	 in	 a	 cyclohexane	 solvent	 at	 ambient	
conditions	 (211).	 Yet,	 theoretical	 simulations	 predict	 that	 the	 structure	 of	 such	
aggregates	are	not	micellar	(212).		

The	azotosome	is	an	example	of	an	astrobiology	hypothesis	which	challenges	our	
ideas	 of	 the	 limits	 of	 life.	While	 in	 this	 case	 the	 results	 are	 not	 in	 favor	 of	 the	
hypothesis,	 this	 study	 is	 an	 example	 of	 the	 possible	 role	 of	 computational	
chemistry	in	astrobiology.	Our	work	highlights	the	need	to	explore	both	the	kinetic	
and	thermodynamic	stability	to	arrive	at	a	conclusion	regarding	overall	chemical	
stability.	With	the	upcoming	Dragonfly	mission	to	Titan	(14),	studies	like	Paper	IV	
continue	 to	 be	 important	 for	 furthering	 our	 understanding	 of	 the	 moon’s	
hydrocarbon	world.	
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8 
Concluding Remarks and Outlook 

This	thesis	has	been	devoted	to	an	examination	of	central	questions	in	prebiotic	
chemistry	and	astrobiology.	I	hope	the	research	presented	herein	will	be	used	to	
guide	future	studies	in	computational	astrobiology,	especially	in	the	study	of	HCN	
reactivity.	 This	 chapter	 briefly	 presents	 key	 takeaways	 and	 discusses	 possible	
future	research	that	could	build	upon	the	present	work.	

The	 calculated	 thermodynamic	 landscape	 of	 HCN-derived	 polymers	 reveals	
thermodynamic	 feasibility,	 or	 unfeasibility,	 of	 different	 proposed	 polymer	
products	of	HCN	reactions.	From	a	thermodynamics	point	of	view,	Paper	I	resolved	
some	of	the	long-standing	questions	regarding	HCN	reactivity.	A	useful	extension	
to	 the	 thermodynamic	 landscape	 could	 be	 adding	 considerations	 of	 polymers	
which	form	through	condensation	reactions,	producing	ammonia	and	resulting	in	
polymers	 with	 unequal	 N,	 C,	 H	 ratios.	 Such	 reactions	 have	 been	 suggested	 as	
important	during	polymerization	of	diaminomaleonitrile	 (4)	 (149,	 150,	 154).	The	
stability	 of	 oxygen-containing	 reaction	 products,	 which	 could	 form	 in	 aqueous	
solution,	could	also	be	considered	in	an	extension	to	the	thermodynamic	map.		
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Improvements	 in	 our	 understanding	 of	HCN	 reactions	 could	 be	made	 through	
further	studies	focusing	on	mechanistic	and	kinetic	aspects	of	polymer	formation.	
Such	studies	might	answer	questions	that	arise	when	studying	the	thermodynamic	
landscape,	such	as:	Do	different	polymerization	mechanisms	(radical	or	anionic)	
favour	 different	 products	 in	 the	 map?	 How	 selective	 is	 the	 reactivity	 of	
diaminomaleonitrile	towards	purines	and	polymers?	Can	HCN-derived	polymers	
form	polypeptides,	as	proposed	by	Matthews	and	Moser	(146)	but	contended	by	
others	(194)?	Why	does	adenine	(6)	form	in	such	small	quantities	in	HCN	reaction	
experiments	 (69),	 when	 the	 purine	 is	 estimated	 as	 the	 most	 stable	 out	 of	 the	
studied	structures?	Does	there	exist	chemical	conditions	or	catalysts	which	would	
favour	adenine	formation?		

This	 thesis	 included	 our	 first	 steps	 towards	 also	 unravelling	 the	 kinetics	 and	
selectivity	 of	HCN	 reactions.	 Taking	 our	 study	 as	 a	 first	 indication,	 there	 exist	
multiple	 kinetically	 competitive	 processes	 during	 the	 beginning	 of	 HCN	
polymerization.	Our	mechanistic	studies	of	base-catalyzed	HCN	oligomerization	
reveal	that	formation	of	 iminoacetonitrile	(2)	 is	the	rate-determining	step	when	
the	oligomerization	occurs	in	HCN	liquid.		

One	of	the	central	goals	of	the	research	in	this	thesis	was	to	predict	which	HCN	
reactions	 can	 proceed	 in	 various	 astrochemical	 conditions.	 The	 predicted	
dimerization	rate	and	observed	experimental	 rate	are	 in	a	 fair	agreement.	Later	
steps	 of	 the	 oligomerization,	 the	 formation	 of	 HCN	 trimers	 and	 tetramers	 are	
estimated	 to	 proceed	 under	 astrochemically	 relevant	 timescales	 even	 at	
temperatures	 as	 low	 as	 ~150	 K.	 These	 predictions	 suggest	 that	 base-catalyzed	
reactions	 could	 take	 place	 on	 cold	 worlds,	 albeit	 very	 slowly	 (timescale	 of	
thousands	of	years).		The	predicted	reaction	rates	are	exponentially	dependent	on	
errors	in	the	methods	used	to	compute	activation	barriers.	Our	results	here	show	
that	we	cannot	exclude	the	possibility	of	low	temperature	HCN	oligomerization.		

Predictions	of	the	chemical	stability	depend	on	the	reliability	of	quantum	chemical	
computation	of	relative	free	energies.	Highly	accurate	methods,	such	as	coupled	
cluster	methods,	are	too	computationally	demanding	to	use	for	oligomer	models	
and	 solvated	 systems	 studied	 herein.	 More	 computationally	 feasible	 are	 DFT	
methods	 such	 as	 B3LYP-D3	 or	 PBE-D3,	 used	 in	 this	 thesis,	 which	 both	 have	
associated	errors.	The	need	for	fast	DFT	methods	in	my	studies	was	largely	due	to	
the	 large	 size	 of	 the	 models	 used	 to	 describe	 polymers	 and	 solution-state	
chemistry.		

Investigating	HCN	reactions	on	surfaces	of	solids	would	be	a	natural	extension	to	
the	work	presented	herein.	In	this	work	we	only	explore	reactions	in	liquid	HCN	
and	extrapolate	our	results	to	predict	reactivity	at	low	temperatures.	However,	the	
solid	environment	might	 influence	reactions	occurring	on	 its	 surface	differently	
than	 the	 liquid.	 	 Solid	HCN	has	 been	 detected	 in	 clouds	 on	 Titan	 (97),	 and	 is	
predicted	 to	 exist	on	 comets	 and	 in	 interstellar	 grains	because	of	 the	high	gas-
phase	abundance	of	HCN.	Studying	properties	of	and	reactions	on	HCN	crystal	
surfaces	 is	 a	potential	 avenue	 to	gain	 further	 insight	 into	 the	astrochemistry	of	
HCN.	
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In	this	thesis	I	examined	the	effect	of	using	molecular	dynamics	for	an	accurate	
description	of	the	solvent	effects	of	liquid	HCN.	The	mechanistic	studies	of	base-
catalyzed	HCN	 oligomerization	 (Paper	 II	 and	 III)	 showed	 that	 there	 is	 a	 good	
agreement	between	results	obtained	with	our	adjusted	implicit	model	of	the	HCN	
liquid	 and	 those	 obtained	 through	 simulations	 that	 include	 explicit	 solvent	
molecules.	Based	on	the	experience	I	have	gathered	while	working	on	this	topic,	I	
suggest	 that	 molecular	 dynamics	 is	 used	 most	 effectively	 for	 reaction	 or	
configurational	exploration	in	which	case	one	could	test	semi-empirical	methods	
(213)	or	reactive	force	fields	(214)	for	this	purpose	–	the	latter	especially	with	the	
improvements	made	possible	in	recent	years	by	machine	learning	potentials	(215).	
Obtaining	reaction	barriers	and	energies	can	then	effectively	be	carried	out	using	
smaller	molecular	models	or	mixed	levels	of	theory	(QM/MM)	that	also	allow	for	
the	 use	 of	 more	 accurate	 methods.	 Such	 approaches	 would	 be	 similar	 to	 the	
environment-perturbed	 transition-state	 sampling	 developed	 to	 study	 enzyme	
catalyzis	(216).	

This	thesis	demonstrates	the	importance	of	evaluating	both	thermodynamics	and	
kinetics	of	chemical	processes	when	discussing	and	developing	new	hypotheses	in	
astrobiology.	 Understanding	 HCN	 chemistry	 may	 prove	 essential	 for	
understanding	prebiotic	 chemistry	 processes	 that	 could	have	 occurred	 on	 early	
Earth,	as	well	as	the	formation	of	complex	organic	molecules	in	the	solar	system.	
Research	 regarding	 the	 origin	 and	 ubiquity	 of	 life	 is	 the	 focus	 of	 ongoing	 and	
upcoming	space	exploration.	This	includes	the	planned	Dragonfly	mission	on	Titan	
(14),	exploration	of	Venus	(217,	218)	and	of	Mars	(e.g.,	refs.	(219–221))	 just	in	the	
current	and	coming	decennia.		
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