-

P
brought to you by i CORE

View metadata, citation and similar papers at core.ac.uk
provided by Repository of the Academy's Library

This document is the Pre-refereeing Manuscriptigarsf a Published Work that appeared in
final form in Journal of Physical Chemistry C, cagyt © American Chemical Society after
peer review and technical editing by the publisiieraccess the final edited and published
work seehttp://pubs.acs.org/doi/pdf/10.1021/jp505978p

Floating Patches of HCN at the Surface of Their Agaous
Solutions — Can They Make ‘HCN World’ Plausible?

Balazs Fabian? Milan S#ri®” and Pal Jedlovszky™"
Laboratory of Interfaces and Nanosize Systemstutesiof Chemistry,
Eo6tvds Lorand University, PAzmany P. Stny 1/A, H71Rudapest,
Hungary
“Department of Inorganic and Analytical ChemistrydBpest University
of Technology and Economics, Szt. Gellért tér 4,141 Budapest,

Hungary

*Department of Chemical Informatics, Faculty of Ealinn, University of
Szeged, Boldogasszony sgt. 6. H-6725 Szeged, Hungar

*“MTA-BME Research Group of Technical Analytical Cisémwy, Szt.
Gellért tér 4, H-1111 Budapest, Hungary

*EKF Department of Chemistry, Leanyka utca 6, H-3866r, Hungary

Running title: Surface of AQueous HCN Solutions

e-mail: milan@jgypk.u-szeged.hu (M.Sz.), pali@chem.elt¢fhud.)


https://core.ac.uk/display/42934339?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Abstract:

The liquid/vapor interface of the aqueous soligiohHCN of different concentrations
has been investigated using molecular dynamics latroo and intrinsic surface analysis.
Although HCN is fully miscible with water, strongterfacial adsorption of HCN is observed
at the surface of its aqueous solutions, and,etigiuid surface, the HCN molecules tend to
be located even at the outer edge of the surfaes.|# turns out that in dilute systems the
HCN concentration can be about an order of mageitacger in the surface layer than in the
bulk liquid phase. Furthermore, HCN molecules shawstrong lateral self-association
behavior at the liquid surface, forming thus flogtiHCN patches at the surface of their
aqueous solutions. Moreover, HCN molecules ardrgjapn average, an order of magnitude
longer at the liquid surface than water molecuées] this behavior is more pronounced at
smaller HCN concentrations. Due to this enhancedanhyc stability, the floating HCN
patches can provide excellent spots for polymeadnanf HCN, which can be the key step in
the prebiotic synthesis of partially water solul@denine. All these findings make the
hypothesis of ‘HCN World’ more plausible.



1. Introduction

Atmospheric hydrogen cyanide (HCN), a simple ehdohic species, is produced
primarily in biomass burning as a result of pyr@dysf N-containing compounds. Although
the high natural variability in HCN emissions ewegithin a single or similar fire types, it is
often used as a tracer of pollution originatingnirevildfires[!1-3] in order to deconvolute
mixtures of urban and biomass burning emissionsB&sides biomass burning, atmospheric
HCN has also been formed in lightning perturbed imithe troposphere of the modern
Earth,[!5,6] making lightning an additional souroE HCN.[!7] Considering the budget of
atmospheric HCN, its direct photolysis is apparen#gligible; the estimated photochemical
lifetime of HCN is around 10 years or even moré¢hia stratosphere below 30 km, and around
5 years in the upper troposphere.[!8] However, glaatellite observations of HCN in the
upper troposphere[!9] reveal the clear signatureaiofdepleted in HCN over the tropical
oceans.[!10] Therefore, the uptake into the ocganvet deposition is currently known to be
the dominant sink with an inferred global HCN bi@sdurning source of 1.4-2.9 Tg(N)/year
and an oceanic saturation ratio of 0.83.[!11] Duéhis oceanic loss, lifetime of HCN reduces
to 2-5 months,[!2,3,11] and it is thought to be iamportant source of nitrogen in remote
oceanic environments.[!11] Alternative stratosphdass of HCN, in which reactions with
OH and OtD) are dominated, can be assumed to be less proedii{8,12]

The aforementioned formation of HCN by lightninged not only occur in the modern
atmosphere, but happened also in the atmospherpratfiotic Earth. The pioneering
experiment by Miller and Urey,[!13] in which amimeids are readily formed from methane,
ammonia and water subjected to electric dischardes naturally strengthened the
widespread assumption that the original formatibpramitive proteins occurred through the
polycondensation of these monomers, although thenaracids are actually secondary
products arising from polypeptides formed by waypofymerization of HCN.[!14,15] Such
formation of HCN is not unique feature of the Milldrey setup, it can be occurred by
electric discharges from many diverse mixturesases, including, CO-NH,, and CQ-N-
H,0.[!16,17] Therefore, HCN is considered to haverbag important source of biological
molecules on the primitive Earth.[!18-22] After thptake of HCN in water, two chemical
processes are assumed to occur: the polymerizgtimbably to biomolecules) and the
hydrolysis of HCN to NHCHO. Generally speaking, the hydrolysis predommatedilute

solutions, while polymerization takes over at higbencentrations.[!23] Oligomerization of



HCN is of particular interest because adenine isssential nucleobase and formally it is the
pentamer of HCN.[!16,24,25] Several amino acids gegtides can also be synthesized
through the oligomerization of HCN followed by hgtrsis, which supports the hypothesis of
the so-called ‘HCN world’.[!15,26] Nevertheless, eathe can be detected only in
concentrated (1-11 M) aqueous solutions of HCN,R8Y Thus, the main criticism
concerning the ‘HCN world’ hypothesis is that thdkoconcentration of HCN in the primitive
ocean was estimated to be far too low for polynagion, and hence hydrolysis to MEHO
could have been favored instead.[!29,30] Basedysotethis evidence, it is less plausible that
prebiotic formation of the biomolecular buildingobksvia the oligomerization could happen
in the bulk phase due to the issue with HCN comeé&non. Air/ice[!31] and air/water
interfaces can, however, be alternative locatiamrs pgossible enrichment of HCN where
oligomerization could have taken place. Due toftwt that HCN is a highly water soluble
weak acid, only its bulk phase properties are UWguansidered. It was shown recently that
molecular HCI, which possesses strong acidity, lavery strong propensity for the air-water
interface.[!32] The question can thus be arisehH@N has also significant enrichment at the
surface of its aqueous solution regardless to éaker acidic character.

Computer simulation methods seem to be partigukaritable to address this question,
since in a computer simulation a full, atomistigdkinsight is gained to the structure of the
appropriately chosen model of the system of intetdswever, when the surface of a liquid
phase is seen at atomistic resolution, as is inpcen simulations, the detection of the exact
location of the liquid surface (or, equivalentlpetdistinction between interfacial and non-
interfacial molecules) is far from being a triviaisk. The problem originates from the fact
that the liquid surface is corrugated by capillagves at the atomistic length scale. Defining
the interface simply as a slab parallel with itscroacopic plane, as done in many of the early
simulations, is repeatedly shown to lead to systenearor of unknown magnitude not only in
the structural properties of the interface, [!133,Bdt also in its composition (i.e., extent of
adsorption of certain components) [!35-37] and ewensome of the thermodynamic
properties of the system. [I38] To overcome thi®hbem several methods have been
proposed in the past decade, [!33,39-43] amongiwthie method called Identification of the
Truly Interfacial Molecules (ITIM) [!'33] turned oub be an excellent compromise between
computing time and accuracy. [!44] The ITIM methbds successfully been applied to
describe the liquid-vapor interface of various amsemixtures [!35-37,45] as well as that of
other systems [!33,46-50] and various water-orgéqidd-liquid interfaces. ['34,38,51,52] It

has also been used to calculate the intrinsic 8olvdree energy profile (i.e., that relative to



the real, capillary wave corrugated liquid surfaoéyarious penetrants across liquid-liquid
interfaces, [!53,54] and proved to be essentiaxplaining the surface tension anomaly of
neat water. [!55]

In this paper we present computer simulation tesofl the liquid-vapor interface of
water-HCN mixtures of six different compositionsyering the HCN mole percentage range
from 3 to 30%. As it turns out, due to the strodgaption of HCN at the liquid surface these
systems practically cover the entire compositiomgeafor the surface layer. For reference,
simulations of the two neat systems are also reddnere. The surface layer of the liquid
phase is identified in the simulations by meanshef ITIM method, and its properties (i.e.,
width, roughness, orientation of the surface mdes;uadsorption and lateral self-association
of HCN in the surface layer, dynamics of exchanfjghe molecules between the surface
layer and the bulk liquid phase) are analyzed itaitleParticular emphasis is given to
properties that can be relevant in respect of aiplesHCN oligomerization at the surface of
its dilute agueous solution. The results obtairedHe first molecular layer beneath the liquid
surface is also compared to those obtained fosubsequent subsurface molecular layers.

The paper is organized as follows. In sectiontaitdeof the computer simulations and
ITIM analyses performed are given. The obtainedltesconcerning both the properties of
the entire surface layer and also those of the catde belonging to it are presented and
detailed in section 3. Finally, in section 4 theiimaonclusions of this study are summarized,
and the relevance of the present results in respletiie possible polymerization of HCN

under prebiotic conditions is addressed.

2. Computational Details

Molecular dynamics simulation of the liquid-vapoterface of water-HCN mixtures
of different compositions have been performed om ¢hnonical N,V,T) ensemble at the
temperature of 273 K. Th¢, Y andZ edges of the rectangular basic simulation box e
300, 50 and 50 A, respectively; edgdas been perpendicular to the macroscopic platteof
interface. Standard periodic boundary conditiongsehheen applied. The basic box has
consisted of 4000 molecules, among which 0, 120, 200, 600, 800, 1200, and 4000 have
been HCN in the different simulations. These systaeme referred to here as the 0% HCN,
3% HCN, 5% HCN, 10% HCN, 15% HCN, 20% HCN, 30% HGMd 100% HCN system,

respectively.



HCN molecules have been described by the potantialel of Kotdawala et al., [!56]
based on the OPLS force field, [!57,58] in whiclke 8-H and &N bonds are 1.068 A and
1.157 A long, respectively, and the three atomiessare arranged linearly. Excepting the
small deviations from linearity of the HCN monomepeedicted by Born-Oppenheimer
molecular dynamics both the first principles anasslical molecular dynamics (where a rigid
and non-polarizable model was adopted) predictiaistructures for liquid HCN. [!59] Since
HCN is a weak acid, i.e., its pkalue is 9.2, less than 1% of the HCN moleculesnged in
the acidic pH range, therefore the presence of single CN ion would already be an
overrepresentation even for the most concentratedN Hsolution considered here
(corresponding to the HCN mole percentage of 38@ter molecules have been modeled by
the TIP4P potential. ['60]

The total potential energy of the system has beaoulated as the sum of the
interaction energies of all molecule pairs; andititeraction energy of moleculeandj, uj,

has been calculated as

g1 doQp Oap 2 Oap °
uj =2, > — T 4B | - 1 | 1)

In this equation indices and S run over then; andn; interaction sites of moleculesandj,
respectivelyg, andgg are the fractional charges carried by the respeatiteraction sites, 6
is the vacuum permittivityiqjz is the distance of siteof moleculei from site5 of molecule
j, andé&gs and gy are the energy and distance parameters, resggctivehe Lennard-Jones
interaction between siteg and S, related to the parameters corresponding to tdiidual

sites through the Lorentz-Berthelot rule, [!61],i.e

fap = ot @

and

O, + 0
aab=aTb. 3)

The interaction parametetg ¢ and £ corresponding to the different sites of the HCNI an
water models used are collected in Table 1. Alénattions have been truncated to zero

beyond the center-center cut-off distance of 1%t long range part of the Coulombic



interaction of the fractional charges has beennak® account by the Particle Mesh Ewald
(PME) method. [!'62]

The simulations have been performed by the GROMAGS program package.
['63] The temperature of the system has been cledrosing the Nosé-Hoover thermostat.
[!64,65] According to the potential models usedihbine HCN and the water molecules have
been treated as rigid bodies in the simulationsy tipeometries have been kept unchanged by
means of the LINCS [!66] and SETTLE ['67] algoritanrespectively. The equations of
motion have been integrated in time steps of Infial configurations have been created in
the following way. First, the required number ofletules have been placed in a basic box
the Y and Z edges of which have already been 50 A, while tregth of theX edge has
roughly corresponded to the density of the liquige. After proper energy minimization the
systems have been equilibrated for 2 ns on thaasatal-isobaricN,p,T) ensemble at 1 bar.
The liquid-vapor interface has then been createdhbseasing the length of thé edge to
300 A. The interfacial system has been further ldayated, already on theN(V,T) ensemble,
for another 2 ns. Finally 2000 sample configuratiseparated by 1 ps long trajectories each,
have been dumped for further analyses during tms Zong production stage of the
simulations. The surface tensions of the systeodiesd are collected in Table 2, as obtained
from the simulations.

The molecules constituting the first layer of tlgpiid phase have been identified by
means of the ITIM method, [!33] i.e., by moving m@lpe sphere along test lines perpendicular
to the macroscopic plane of the interfa¢g, from the bulk vapor phase towards the interface.
The molecules that are first hit by the probe splaong any of the test lines (i.e., the ones
‘seen’ by the probe from the vapor phase) are densd as being at the interface. Test lines,
being parallel with edgX of the basic box have been arranged in a 100xtifi0atpng the
YZ plane, thus, two neighboring test lines have besparated by 0.5 A. According to the
suggestion of Jorge et al., [144] the radius of gimebe sphere has been set to 1.25 A. To
determine when a molecule is touched by the prbbeatoms have been approximated by
spheres, the diameters of which have been equlktoorresponding Lennard-Jones distance
parameterg. This way, H atoms have been omitted from the ITdNalysis (see Table 1).
Finally, by disregarding the molecules identifiesl farming the surface layer and repeating
the entire procedure twice more the molecules fognthe second and the third layer beneath
the liquid surface have also been identified. Anildgrium snapshot of the 20% HCN
system, indicating also the molecules forming tihgt three subsurface molecular layers as

identified by ITIM, is shown in Figure 1.



3. Results and Discussion

3.1. Properties of the Surface LayerThe number density profiles of the water and
HCN molecules along the macroscopic surface noaxigl X, in selected systems simulated
are shown in Figure 2, along with the mass densitfiles of the entire systems and of their
surface layers. As is seen, while the water dermBityps monotonically from the bulk liquid
phase value to practically zero, the HCN profilestgrough a clear maximum around the
location of the first molecular layer. In other wier HCN molecules are strongly adsorbed at
the surface of the liquid phase. To quantify theeekof this adsorption we have plotted the
HCN mole percentage in the first three moleculgeta against the HCN mole percentage in
the bulk liquid phase in Figure 3. It should beeabthat the HCN mole percentage in the bulk
phase is not equal to the overall HCN mole pergenta the system; it has simply been
determined from the ratio of the constant, bulluiigphase values of the HCN and water
number density profiles.

As is clearly seen from Fig. 3, the adsorptionHEN is rather strong; in dilute
systems the HCN concentration can be about an ofdeagnitude larger in the surface layer
than in the bulk liquid phase. Further, in the 3@%N system, in which the bulk phase HCN
mole percentage is about 17%, more than 80% o$ukace molecules are HCN. It is also
seen that our systems simulated cover rather umijothe entire composition range of the
surface layer. Another important finding is that th® bulk phase HCN concentration
increases, the adsorption gradually involves mattesgrface layers. Thus, above the bulk
percentages of 5% and 10% (corresponding to the HG% and 20% HCN systems) even
the second and third molecular layers beneathuHace, respectively, are noticeably richer
in HCN than the bulk liquid phase. This behaviomis clear contrast with that of methanol
and dimethyl sulfoxide, the adsorption of which veéaewn to be extended solely to the first
molecular layer in their aqueous solutions. ['3%,8h the other hand, similar multilayer
adsorption was observed previously for acetonjtfig6] a molecule homologous with HCN.
The multilayer adsorption of acetonitrile at theface of its aqueous solutions was attributed
to the dominance of dipolar interaction betweenrttidecules at the vicinity of the interface.
[!36] Dipolar interactions can well be behind thelthayer adsorption behavior observed for

HCN solutions, as well. This point is further adsired in a following subsection.



Comparing the mass density profiles of the erstystems with those of the first layers
(Fig. 2) it is seen that the first layer densityabextends well beyond the point where the
density of the entire system already reaches thetant, bulk liquid phase value. This means
that defining the interfacial region in the nonAnsic way, i.e., as a slab of intermediate
densities, would miss a large number of truly ifateial molecules (i.e., what can be seen
from the vapor phase). Conversely, as seen fromar&ig, which shows the mass density
profiles of the first three molecular layers alomigh that of the entire system in four selected
mixed systems, the density peak of the secondeaed that of the third layer overlaps with
the intermediate density part of the profile of theole system. Thus, besides missing a large
number of interfacial molecules, the non-intrinsieatment of the interface would also
misidentify a large number of molecules as beirtigriacial.

The density peaks corresponding to the individudlsurface molecular layers can be
very well fitted by a Gaussian function in everyseaSince the density profiles of the
consecutive molecular layers are indeed supposémltov Gaussian distributions, [!70] this
finding confirms the proper choice of the probeesptradius in the ITIM analysis. [!44] The
width parameter of the fitted Gaussian functidngan serve as a measure of the width of the
corresponding molecular layer, whereas the posiibits centerX., is an estimate of the
position of this layer. Thus, the difference of tkevalues of two consecutive layeSX.,
characterizes the average separation of theseslaleeo andX; values corresponding to the
first three layers of the systems simulated aréectdd in Table 3. It is seen that, unlike in
neat water, the first layer is always noticeablydevi than the subsequent ones in HCN
solutions, and this difference increases from alid386 to 6-8% with increasing HCN
concentration. On the other hand, no tendentioffisreince is seen between the widths of the
second and third subsurface molecular layers. EByrthith increasing HCN concentration all
the three subsurface layers become wider, as sesn the 20-30% increase of the
corresponding parameters upon going from dilute to concentrat@dtions. Similarly, the
separation of the first two layers is always larj@mn that of the second and third layers, and
this difference increases from about 3% to 10% ugoimg from dilute to concentrated
solutions. Further, not only the difference betwdenseparations of the first and second, and
that of the second and third layers (i&X(1-2) -AX,(1-3)) increases with increasing HCN
content, but also these inter-layer separatioms, (ihe AX; values) themselves. All these
findings indicate that the molecules are less lyghaicked at the liquid surface than in the

bulk liquid phase, and this effect is more pronatharound the HCN than around the water



molecules. The reason for this less compact arraegeof the molecules at the interface is
probably related to the fact that the orientatiom&ferences of these molecules imposed by
the vicinity of the vapor phase is not fully compb with their tightly packed arrangement,
which dominates in the bulk phase. The point camoerthe interfacial orientation of the
molecules is addressed in detail in a subsequésestion.

Figure 5 compares the number density profilehefwwater and HCN molecules in the
surface layer of four selected mixed systems. Thsitipn of the molecules has been
estimated by that of their O and C atoms, respelgtivFor better comparison, the two profiles
are always scaled to each other. As is clear, ¢imsity peak of the HCN molecules is always
shifted by 1.7-2.0 A towards the vapor phase, aspawed with the water density peak. This
finding indicates that HCN is not only adsorbedhet first few molecular layers beneath the
liquid surface, but even within the surface layeytare located noticeably closer to the vapor
phase than the water molecules.

The ITIM algorithm not only identifies the fulldi of the surface molecules, but can
also provide a set of points that can serve astimate of the geometric covering surface of
the liquid phase. This set of points can be deteedhifrom the positions the probe sphere is
stopped along the different test lines. [!33] Havihe covering surface of the liquid phase
already determined, its roughness can also be dleamed. However, the description of the
roughness of a known wavy surface is still not\aar task, and it requires the use of at least
two independent parameters, i.e., an amplitudediké a frequency-like one. [!33] For this

purpose, we proposed to use the following paranpetir [!45] The average normal distance

(i.e., distance along the macroscopic surface nloames, X) of two surface pointsH,

exhibits a saturation curve as a function of tHateral distance| (i.e., distance in the

macroscopic surface planés). Thea(l) data can be well fitted by the function

adl

H(|)=a+a.

(4)

The parameterg anda, corresponding to the steepness ofdife) curve at small, and to its
saturation value at large values, respectively, can then serve as the frexukke and
amplitude-like roughness parameter, respectivelye Wave recently shown that the
amplitude-like parametes, defined this way is closely related to the swféension of the
system. [171]

10



The d(1) roughness curves obtained in the systems simutateghown in Figure 6,

whereas tha and & parameters corresponding to all the three subseittyers are collected

in Table 3. As is seen, with increasing HCN conditn the liquid surface gets rougher both
in terms of frequency and amplitude, as thenda parameters increase by about 15% and
30%, respectively, upon going from neat water tati¢CN. It is also seen that the surface
layer is always somewhat rougher than the subséaoelecular layers, as thgparameter is
about 15%, whereasis about 8-10% larger in the first than in thessgtand third layer in
every case. On the other hand, no considerablerdifte is seen between the roughness of
the second and third layers in any case. This rfigjds illustrated by the inset of Fig. 6,

showing thea(l) data in the first three layers of the 3% HCN arf®3HCN systems,

together with the curves fitted to them accordiaget). 4. The findings that (i) increasing
HCN content leads to an increased roughness odigtiel surface, and (ii) the first layer is
always rougher than the subsequent ones are periedine with our previous observations
concerning the width and separation of the subsgquelecular layers, and stress again that
the molecules are less tightly packed at the liquidace than in the bulk liquid phase, and

this effect is more pronounced for the HCN thantfar water molecules.

3.2. Lateral Self-Association of the Surface Moledes. We have seen that HCN
molecules are strongly adsorbed, i.e., their looalcentration is considerably increased at the
surface of their dilute aqueous solutions. LocaNH&ncentration can further increase within
the surface layer by possible lateral self-assmoriatf the like molecules. Self-association in
binary mixtures can be conveniently studied by Vaianalysis. [!72-74] In two dimensional
systems (e.qg., liquid surfaces) of discrete seeds, (molecules) the Voronoi polygon (VP) of
a given seed is the locus of the points that asseclto this seed than to any other one.
Further, the VP edges and vertices are loci of tgolraving two and three closest seeds,
respectively, at equal distances. Therefore, VRces are the centers of the largest circular
vacancies (i.e., circles not containing any seedheé system. [!75,76] It has been shown that
in the case of uniformly distributed seeds theritlistion of the VP areaA, (or, in three
dimensions that of the VP volume) is of Gaussiaapsh whereas in cases when the seeds
show large local density fluctuations the VP arastrithution exhibits a long tail of
exponential decay at large areas. [!77] Taking frgperty into account self-association in
binary mixtures can be detected in the followingywja78] First, the VP area distribution of

all the seeds (molecules) is determined, to chieakthe molecules, irrespective of their type,
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are indeed uniformly distributed at the surfaceeithe VP area distribution is determined
considering only one of the two components in thalysis, and completely disregarding the
molecules of the other component. In case of sdbaation of the disregarded component
the area occupied by such self-aggregates is tmanetl into voids, and the VP area
distribution of the component considered exhildits €xponential tail. This method has been
successfully applied to detect self associatioreisg\times, both in two- [!35-37] and three-
dimensional [!78,79] systems.

To investigate the possible self-association bieiaf HCN molecules at the surface
of their aqueous solutions we have projected thdece (i.e., C or O atom) of all surface
molecules to the macroscopic plane of the interf#@ and performed Voronoi analysis by
considering both components as well as by disreggraone of them. The VP area
distributions are shown in Figure 7 as obtainedséhected systems. To emphasize the
exponential character of the decay of the larga aaéds the distributions are shown on a
logarithmic scale. As is evident, there is a marlldtérence between the shape of #(@)
distributions obtained by taking both componente eaccount and by disregarding one of the
components. In the first cafA) is a narrow Gaussian, indicating, as expecteat, shrface
molecules are uniformly distributed along the macaopic plane of the surface. In the second
case, however, th®(A) distribution becomes very broad and exhibits apoeentially
decaying tail (converted to a straight line by ligarithmic scale used) at lardevalues. It is
also seen that the smaller the concentration af@ngcomponent is in the surface layer, the
broader itsP(A) distribution becomes. All these results indicelarly that like components
exhibit a strong tendency of self-association atlihuid surface of aqueous HCN solutions,
and this self-association tendency is strongerctmponents of smaller concentration. The
observed self-association behavior of the like mkes is illustrated in Figure 8, showing
equilibrium snapshots of the surface layer of systeof three different compositions by
projecting the center of the surface moleculesht rhacroscopic plane of the surfa¥&,
Considering our above finding that surface HCN rooles tend to stay at the outer edge of
the surface layer, the lateral self-associatet®fsurface HCN molecules can be regarded as
patches floating at the surface of the liquid phase

To quantify the extent of this self-associatiore @an determine the area of the largest
circular voids when HCN molecules are disregardethfthe analysis (as these voids are the
surface portions that are covered by HCN self-agapess), and compare this value to the
average area occupied by a single HCN moleculg {he mean value ¢¥(A)) as obtained in

the 100% HCN system. Having these values calculatienins out that HCN self-aggregates

12



may consist up to 8, 12, 25, 35, 55 and 150 modscul the 3% HCN, 5% HCN, 10% HCN,
15% HCN, 20% HCN and 30% HCN systems, i.e., whenhilk phase HCN concentration
is about 0.8, 1.5, 2.8, 4.5, 5.5, and 8 M, respelti

3.3. Dynamics of Exchange of the Molecules betwedme Surface and the Bulk.
The dynamics of exchange of the molecules betwieersurface layer and bulk of the liquid
phase can be characterized by the survival prababil the molecules in the surface layer,
L(t), i.e., the probability that a molecule that bejsro the surface layer &twill stay at the
surface up tdp +t. In order to distinguish between the situationsemwlkhe molecule leaves
the surface permanently, and when it is only abBent the surface at a certain instant due to
an oscillating move, departure of a molecule frbwn surface layer is allowed betwegmand
to + t, given that it returns to the surface layer within Taking into account the typical time
scale of such molecular oscillatiorn¥, is set here to its conventionally used value p&2
Considering also that two consecutive sample carditions are always separated by an 1 ps
long trajectory, this choice dit practically means that molecules are considereléfashe
surface layer if they are absent from this layetwn consecutive sample configurations. To
avoid any possible arbitrariness correspondingpégpiarticular choice dkt, we have repeated
all the calculations with thét value of 1 ps (i.e., when the definition does atbow the
molecules to be out of the surface layer evensingle sample configuration), but it did not
change any of the conclusions of this analysis.

Since the permanent departure of the molecules the surface layer is a process of
first order kinetics, th&(t) data can be very well fitted by the exponentidiécaying function
exp(1/7), whereris the mean residence time of the molecules aguhface.

ThelL(t) survival probabilities of the water and HCN malkss in the surface layer of
the different systems simulated are shown in FiQunehereas the values corresponding to
the first three subsurface molecular layers arduded in Table 3. To emphasize the
exponential decay of the survival probability, FB.shows the obtainetl(t) data on a
logarithmic scale. As is immediately seen, thealues in the second and third layers are
always an order of magnitude smaller than in tre fayer, being comparable with the time
window of At = 2 ps used in the analysis, indicating that diefjrthe residence time in the
second and subsequent molecular layers is physalalady meaningless. In other words, the

vicinity of the interface affects solely the finstolecular layer beneath the liquid surface in
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this respect, whereas, from the dynamical poinviefv, the second subsurface molecular
layer already belongs to the bulk liquid phase.

More importantly, it is seen that HCN moleculesysbn average, considerably longer
at the liquid surface than the water molecules, thigldifference is larger when the solution
is more dilute. Thus, in the 3% HCN system the nreasidence time of the HCN molecules
at the surface is about 8 times larger than thahefwater molecules, whereas this ratio is
only about 3 in the 30% HCN system. The mean reseléime of the water molecules at the
surface decreases parallel with that of the HCNeawes as the HCN concentration of the
system increases. Thus, the presence of HCN spgedlse dynamics of exchange of the
water molecules between the surface layer of tipeidi phase and the bulk. These results
indicate that in dilute solutions the HCN moleculae not only strongly adsorbed at the
liquid surface, staying preferably at the outereedd the surface layer, and exhibit strong
lateral self-association resulting in large inteid HCN clusters, but also stay for unusually
long time, an order of magnitude longer than watetecules, at the surface of the liquid
phase. In other words, the floating patches of H&#l rather stable, staying at the liquid

surface for rather long time.

3.4. Surface Orientation.The orientation of a rigid molecule of generalsheelative
to an external direction (or plane) can only becdbed by two orientational variables,
whereas that of molecules of,Csymmetry (e.g., linear ones) can already be desdiby one
single variable. Therefore, the orientational stats of the water molecules can be fully
characterized only by the bivariate joint distribat of two independent orientational
parameters, ['80,81] while that of HCN can simplg described by the monovariate
distribution of one single orientational parametéor molecules of general shape we have
shown that the polar anglésand ¢ of the macroscopic surface normal axspointing, by
our convention, towards the vapor phase, in a |@ztesian frame fixed to the individual
molecules represent a sufficient choice of suclrarpeter pair. [!80,81] Here we define this
local Cartesian frame of the water molecules inftlewing way. Its axisx is the molecular
normal axis, axiy is parallel with the line joining the two H atonmend axisz is the main
symmetry axis of the molecule, directed to poiotrirthe O atom towards the H atoms along
the molecular dipole vector. Due to the, Gymmetry of the water molecule, this frame can
always be chosen in such a way that the agglees not exceed Q0Further, since? is an

angle of two general spatial vectors, lmis formed by two vectors restricted to lay in aeg
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plane (i.e., thexy plane of the molecular frame) by definition, unetated orientation of the
molecules with the surface plane results in congtestribution only if co$? and gare chosen
to be the orientational variables. In the case ©NHhe situation is considerably simpler, here
we characterize the orientational statistics of sluieface HCN molecules by the cosine
distribution of the anglg; formed by the vector pointing from the H to theatdm of the
molecule and the macroscopic surface normal vegtqupinting from the liquid to the vapor
phase. The definition of the local Cartesian frdimed to the individual water molecules as
well as that of the angle$ gandyare illustrated in Figure 10.a.

It has been shown several times that the oriemalipreferences of the surface
molecules strongly depend on the local curvatureéhef surface. [!33-38,82] To take this
effect also into account we have divided the serfager to three separate zones, marked by
A, B and C. Thus, zones A and C extend from thentgoihere the mass density of the
surface layer is half of its maximum value toward®e vapor and the liquid phase,
respectively, whereas zone B covers Xhenge where the mass density of the surface layer
exceeds half of its maximum value. Thus, zones A @ntypically cover the crests and
troughs of the wavy liquid surface, i.e., surfagatipns of locally convex and concave
curvature, respectively. The division of the sueféayer into zones A, B and C is illustrated
in Figure 10.b.

TheP(cosd, ¢ orientational maps of the water molecules andP{(ees)) orientational
distributions of the HCN molecules are shown inufgs 11 and 12, respectively, as obtained
in selected systems simulated. As it has been shlsaweral times, [133,34] the molecules at
the surface of neat water prefer to lay parallehwie plane of the macroscopic surface, as
evidenced by the peak of tHe(cosd,¢ orientational map at ces= 0 and ¢= C°. This
preferred orientation is marked here by I. In zo®esnd C the peak corresponding to
orientation | shifts to somewhat smaller (in zong akd larger (in zone C) cfisvalues,
indicating that the water molecules prefer slighilted orientations, pointing by their H
atoms flatly towards the bulk liquid phase in z#nand towards the vapor phase in zone C.
These orientations are marked here gasnd k. Further, in both of these zones another
orientation, characterized by the ¢oglue of 0.5 (in zone A) and -0.5 (in zone C), dmelg
value of 90 is preferred. In these orientations, denoted bant Ill, respectively, the water
molecule stays perpendicular to the macroscopiocept# the surface, pointing by one of its
O-H bonds straight towards the vapor phase (in 2Qrend towards the bulk liquid phase (in

zone C). These orientational preferences have lziemalized by considering that in zone A
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both preferred orientations are such that the watetecule “sacrifices” one of its four
hydrogen bonding directions (i.e., a lone paircion in alignmentd and an O-H direction
in alignment Il), and, on this, price it can forhrée stable hydrogen bonds in the other three,
inward-oriented directions. On the other hand,hie trientations preferred in zone C three
hydrogen bonding directions (i.e., one lone padt amo O-H directions in alignmeng,land
one O-H and two lone pair directions in alignmel} &re straddling along the locally
concave surface, maintaining thus all the four bgeén bonds of the water molecule. [!33,34]

As is seen from Fig. 11, in the presence of evemall amount of HCN the preference
for orientations Il and Il already vanishes, ahe tvater molecules prefer nearly parallel
alignment with the macroscopic surface plane evheye within the surface layer.
Correspondingly, the HCN molecules also preferatodlmost parallel with the macroscopic
plane of the surface, declining only by about 84t6m it (see Fig. 12). The only exception is
zone C, where the N atom of the HCN molecule staregerentially out to the vapor phase.
The preferred parallel alignment of both the wa#exd the HCN molecules with the
macroscopic surface plane allows strong dipolarattions acting between neighbors within
the surface layer, which can also explain the gisapance of the preference of the water
molecules for the perpendicular alignments Il dhd |

To confirm the presence of considerable dipolégractions within the surface layer,
we have calculated the cosine distribution of thglaa, formed by the HN vector of two
neighboring HCN molecules in the surface layer. §TMCN molecules are regarded to be
neighbors if their C atoms are closer than 6.0.4,, ithe first minimum position of the
corresponding radial distribution function. [!I31[he obtained?(cosa) distributions, shown
in Figure 13, exhibit their main peak at eos 1, indicating the clear preference of the
neighboring HCN molecules for parallel relativegalnent. Further, a small peakfcosa)
is seen at the casvalue of -1, being larger in more dilute systeimndjcating the secondary
preference of the neighboring HCN molecules foipamnallel relative alignment. All these
orientational preferences are illustrated in Figl4e

The observed preferred relative alignment of teigmboring surface HCN molecules
is in a full accord with the assumed strong dipatéeractions within the surface layer. These
dipolar interactions can further stabilize the H@atches floating at the liquid surface, and
can be, at least partly, be responsible for thesually long residence time of the HCN

molecules in the surface layer.
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4. Summary and Conclusions

In this paper we presented a detailed investigatiothe intrinsic surface of aqueous
HCN solutions of different concentrations by measfs molecular dynamics computer
simulation and ITIM analysis. One of the most intpat findings of this study is that HCN
molecules are strongly adsorbed at the surfacbeofiquid phase despite the full miscibility
of HCN with water. Thus, in dilute solutions evemoat an order of magnitude larger HCN
concentrations can be found at the surface layaer it the bulk liquid phase. In addition, the
larger the bulk phase HCN concentration is, theensabsurface layers are involved in HCN
adsorption, resulting in significant enrichmentHN also in the second and third subsurface
molecular layers as compared to the bulk liquidsghanother interesting feature of the
surface HCN molecules is that they prefer to staye outer edge of the surface layer, being
noticeably closer to the vapor phase than the seirfgater molecules. Also, all the three
subsurface layers become wider with increasing HGhcentration. As a consequence of this
chaotropic nature of HCN, the molecules are lggstlii packed at the liquid surface than in
the bulk liquid phase, and hence the liquid surfge¢s rougher with increasing HCN
concentration.

Besides the aforementioned strong adsorptionptted HCN concentration is found to
be even further increased at certain patches dighiel surface by the strong self-association
tendency of the like molecules, detected by Voromoialysis of the surface layer.
Furthermore, the mean residence time of the HCNeoubés at the liquid surface is found to
be considerably longer than that of the water moés; and the more dilute the solution is,
the longer can HCN molecules stay at the liquidaz. All these findings indicate that the
HCN molecules can form long-lasting HCN patchesitilogy at the surface of their aqueous
solutions, even at low bulk phase concentrations.

This finding has important consequences regartbntpe ‘HCN World' hypothesis,
[!15,26] the main argument against which is thatymerization of HCN and thus the
formation of adenine can only occur in concentrdfied1 M) solutions. ['27,28] The present
results show, however, that HCN concentration @mdyy high at certain patches of even its
dilute agueous solutions, and such floating HCIMIped can be considered to have formed by
spontaneous process in the primordial time. Thiesdirig HCN patches might provide spots
for polymerization of HCN, which could finally leado the dawn of the prebiotic

biomolecular building blocks, such as adenine. &fuge, adenine might well form at the
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surface of dilute HCN solutions due to the localisongly enhanced HCN concentration, and
it is also sensible to assume that most of the iadenolecules being formed this way stays
there, since adenine is only partially misciblehwitater.
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Tables

Table 1. Interaction Parameters of the Potential Mdels Used

molecule site g/e all (&ks)/K

H 0.15 0.0 0.0
HCN? C 0.28 3.63 77.0

N -0.43 3.20 88.0
O 0.0 3.154 78.06

watef H 0.52 0.0 0.0

M® -1.04 0.0 0.0

*Ref. [156]

TIP4P model, Ref. [160]

°Non-atomic interaction site, placed along the H-®iskctor 0.15 A away from the O atom

Table 2. Surface Tension of the Systems Simulated

system 0% HCN 3% HCN 5%HCN 10% HCN  15% HCN  20% HCN  30%NHC 100% HCN
ymNm?* 57.8 52.8 51.3 44.2 41.8 37.9 35.9 1.0

®Experimental value is 72.3 mN/m at 296 K, Ref. [!68
PExperimental value is 19.7 mN/m at 293 K, Ref. [!69
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Table 3. Calculated Properties of the First Three @bsurface Molecular Layers of the

Systems Simulated

subsurface system JA XJA g alA 7ps
layer water HCN
0% HCN 3.66 22.08 1.09 2.12 29.4
3% HCN 3.91 22.66 1.22 2.31 26.20 200.1
5% HCN 4.03 23.11 1.27 2.36 21.24 167.2
first 10% HCN  4.41 24.23 1.35 2.55 13.86 77.67
layer 1506 HCN  4.65 25.41 1.34 2.72 10.88 55.80
20% HCN 5.09 26.64 1.35 2.82 9.23 39.26
30% HCN 5.16 29.20 141 2.96 8.78 28.81
100% HCN 5.33 47.69 1.34 3.03 22.55
0% HCN 3.65 18.71 1.00 2.08 2.21
3% HCN 3.80 19.24 1.03 2.16 2.10 7.86
5% HCN 3.86 19.63 1.05 2.20 2.00 6.88
second 10%HCN  4.09 20.50 1.10 2.33 2.16 4.33
layer 15% HCN 4.29 21.47 1.11 2.48 2.62 3.52
20% HCN 4.69 22.42 1.15 2.61 3.45 4.14
30% HCN 4.86 24.67 1.23 2.74 3.26 3.86
100% HCN 5.23 42.78 1.21 2.90 1.86
0% HCN 3.73 15.46 1.04 2.10 2.28
3% HCN 3.85 15.94 1.04 2.17 2.28 10.51
5% HCN 3.90 16.29 1.05 2.21 2.22 8.21
third 10% HCN 4.09 17.05 1.07 2.32 2.15 5.76
layer 15% HCN 4.26 17.90 1.06 2.45 2.12 3.56
20% HCN 4.59 18.68 1.07 2.59 2.24 3.74
30% HCN 4.73 20.58 1.14 2.71 2.78 3.48
100% HCN 5.21 37.97 1.16 2.94 1.82
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Figure Legends

Figure 1. Equilibrium snapshot of the 20% HCN system, asratet from the simulation.

Molecules belonging to the first, second and tisindbsurface molecular layers as well as to
the bulk liquid phase are marked by red, greere Bhd grey colors, respectively. Darker and
lighter shades of the colors correspond to the H@N water molecules, respectively. The

snapshot only shows the> 0 A half of the basic box.

Figure 2. Number density profile of the water (top panel) &N (second panel) molecules
as well as mass density of the entire system (fpmrtkl) and its surface layer (bottom panel)
along the macroscopic surface normal akia the systems containing 0% HCN (full circles),
3% HCN (red solid lines), 10% HCN (dark blue dasited lines), 20% HCN (light blue
dash-dot-dotted lines), 30% HCN (magenta dotteekslinand 100% HCN (open circles). All
profiles shown are symmetrized over the two liquéghor interfaces present in the basic
simulation box. The scale on the right of the seéc@anel refers to the concentration
(molarity) of HCN.

Figure 3. Composition (in terms of HCN mole percentage) & finst (red circles), second
(green squares) and third (blue triangles) subserfaolecular layers as well as of the bulk
liquid phase (black solid line) as a function o tomposition of the bulk liquid phase in the

systems simulated.

Figure 4. Mass density profile of the entire system (blackdslines) as well as its first (red
filled circles), second (blue open circles) anddhigreen asterisks) subsurface molecular
layers along the macroscopic surface normal &xis the systems containing 3% HCN (top
panel), 10% HCN (second panel), 15% HCN (third paswed 30% HCN (bottom panel). All
profiles shown are symmetrized over the two liquéghor interfaces present in the basic

simulation box.

Figure 5. Number density profile of the water (black solitels) and HCN (red dashed lines)
molecules of the first subsurface molecular layengthe macroscopic surface normal axis

in the systems containing 3% HCN (top panel), 10&€&N\Hsecond panel), 15% HCN (third
panel) and 30% HCN (bottom panel). The scales enetih and right of the panels refer to the
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water and HCN densities, respectively. All profilgisown are symmetrized over the two

liquid-vapor interfaces present in the basic sirmotebox.

Figure 6. Average normal distance of two surface points dsnation of their lateral

distance, as obtained in the systems containingd@M (full circles), 3% HCN (red solid

lines), 5% HCN (light green dashed lines), 10% HEErk blue dash-dotted lines), 15%
HCN (dark green short dashed lines), 20% HCN (lighie dash-dot-dotted lines), 30%
HCN (magenta dotted lines), and 100% HCN (operleasjc The inset shows the average
normal distance vs. lateral distance data in trs¢ (black symbols), second (red symbols)
and third (blue symbols) subsurface molecular ky#rthe systems containing 3% HCN
(diamonds) and 30% HCN (squares). The curves fitbethe data according to eq. 4 are

shown by dashed lines.

Figure 7. Distribution of the Voronoi polygon area of the malles in the surface layer, as
calculated regarding all surface molecules (topepannly the HCN molecules of the surface
layer (middle panel) and only the water moleculethe surface layer (bottom panel) in the
systems containing 0% HCN (full circles), 3% HCMdIsolid lines), 5% HCN (green dashed
lines), 10% HCN (dark blue dash-dotted lines), 208@N (light blue dash-dot-dotted lines),
30% HCN (magenta dotted lines), and 100% HCN (opecies). In the calculation the
molecules have been represented by their centejscped to the macroscopic plane of the
surface (see the text). To emphasize the expoheetay of the curves the data are shown on

a logarithmic scale.

Figure 8. Instantaneous snapshot of the surface layer afytbiems containing 5% HCN (left
panel), 15% HCN (middle panel) and 30% HCN, shovemftop view the centers of the
molecules being projected to the macroscopic plainehe surfaceYZ Water and HCN

molecules are represented by red and green bedisectively.

Figure 9. Survival probability of the water (top panel) an@M (bottom panel) molecules in
the surface layer of the systems containing 0% HfoN circles), 3% HCN (red solid lines),
5% HCN (light green dashed lines), 10% HCN (dadeldash-dotted lines), 15% HCN (dark
green short dashed lines), 20% HCN (light blue dishdotted lines), 30% HCN (magenta
dotted lines), and 100% HCN (open circles). To easpte the exponential decay of the

survival probabilities, the plot shows the dataadngarithmic scale.
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Figure 10. (a) Definition of the local Cartesian frame fixea the individual surface water
molecules (see the test) and the andlesnd @ (right), andy (left), describing the surface
orientation of the water and HCN molecules, respelst O, H, C and N atoms are shown by
red, white, grey and blue colors, respectively. I{(ljstration of the division of the surface

layer into three separate zones, marked by A, BG(gke the text).

Figure 11. Orientational maps of the surface water molecirehe systems containing 0%
HCN (top row), 3% HCN (second row), 10% HCN (thrav), 15% HCN (fourth row), and
30% HCN (bottom row). The first column correspotmshe entire surface layer, whereas the
second, third and fourth columns to its separateezdC, B, and A, respectively. Lighter
shades of grey indicate higher probabilities. Tredgrred water orientations corresponding to

the different peaks of thie(cosd, ¢ orientational maps are also indicated.

Figure 12.Cosine distribution of the angje formed by the vector pointing from the H to the
N atom of the surface HCN molecules and the maopmscsurface normal vector, X,
pointing from the liquid to the vapor phase, in #stems containing 3% HCN (red solid
lines), 10% HCN (blue dash-dotted lines), 15% H@keén short dashed lines), 30% HCN
(magenta dotted lines), and 100% HCN (open circlEs® top panel corresponds to the entire
surface layer, whereas the second, third and fquattels to its separate zones C, B, and A,

respectively.

Figure 13. Cosine distribution of the angle formed by the vectors pointing from the H to
the N atom of two neighboring surface HCN molecugéssobtained in the systems containing
3% HCN (red solid lines), 10% HCN (dark blue dasited lines), 20% HCN (light blue
dash-dot-dotted lines), 30% HCN (magenta dottesklinand 100% HCN (open circles).

Figure 14. lllustration of the observed orientational preferes of the surface molecules

relative to the macroscopic surface normal as aglio each other. The O, H, C and N atoms

of the water and HCN molecules are shown by redtewfrey and blue colors, respectively.
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Figure 5.
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Figure 6.
Fabian et al.
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Figure 7.
Fabian et al.
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Figure 8.
Fabian et al.

5% HCN system 15% HCN system 30% HCN system

40



Figure 9.
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Figure 11.
Fabian et al.

entire
surface ayer

8 c:
6 6 o6 Bs
E~
E~
3

1005000510 -1.0-0.50.0 0.5 1.0 1005000510 -1.0-0.50.0 0.5 1.0

cosd cosy

o

o

EEil!lllll ill!!llll i‘l!lllll
-1.0-0.50.0 0.5 1.0

-1.0-0.50.0 0.5 1.0 -1.0-0.50.0 0.5 1.0 -1.0-0.50.0 0.5 1.0
cos? cosd cos? cos?

élll!l!ll Ellll!'!! i‘|||l!l|
-1.0-0.50.0 0.5 1.0 -1.0-0.50.0 0.5 1.0 -1.0-0.50.0 0.5 1.0 -1.0-0.50.0 0.5 1.0
cosy cos? Cc0os9 cos?

-1.0-0.50.0 0.5 1.0 -1.0-0.50.0 0.5 1.0 -1.0-0.50.0 0.5 1.0 -1.0-0.50.0 0.5 1.0
cos? cos? cos’y cos?

-1.0-0.50.0 0.5 1.0 -1.0-0.50.0 0.5 1.0 -1.0-0.50.0 0.5 1.0 -1.0-0.50.0 0.5 1.0
cosy cosy cos? cos?

region C  region B  region A

gddeg

0% HCN

¢deg

_ ddeg

3% HCN

., 9deg

10% HCN

¢/deg

15% HCN

30% HCN

43



Figure 12.

Fabian et al.
0.04 _
i
0.03- RO
0,09'9/9Q %
0.024 ooc’,o?:// \ QQQ
001 ‘3;.:, entire surface layer N
~ N\ -
= L OOOBD0B 0. \
0.03- P N
~o99
0.02{ % %%Q%%
S - region A <
e Q’O
0.014" N
: S~ -
region B P .
0.034 O000CTLS =~
09999900:‘?0- 3% HON
0.02 o977/ ;
T 00% 2% —-—- 10% HCN N
27, ---- 15% HCN N
O'Ol—’ 7 eeccooe 30% HCN
O 100% HCN
0.034 /Ax.-«r ”"\
ﬁ;g-ve)‘?ob B%o Oéoo
0.02- ogqo-oi?“%
OOO" ' ;
% i region C
0.01-#
[ [ [
-1.0 -0.5 0.0 O'SCOS/ 1.0

44



P(cosa)

Figure 13.
Fabian et al.
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