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ABSTRACT

Modeling and research of clustersstructurewill givemankind an alternative
energy source, creation of chipsin the size in some nanometer, devices of
memory with superdense record of the information, integrated quantum
schemes, will allow to find out their influence on an environment. The most
difficult caseisto simulate the collision between clusters. The purpose of
this paper isto present the idea of method to simulate the collision between
© 2014 Trade Sciencelnc. - INDIA

clusters.

INTRODUCTION

Formation processof condensation’sinitial nucle-
usesisoneof themogt difficult andincompletely deter-
minate problemsin new phaseformationtheory. These
nucleusesareableto haveasmall szeand consst only
of some molecules (Figure 1), called “clusters” or
microclugter. Microduster isthesmallest unitsincluded
from two to hundred and more atoms. M odern quan-
tum-chemical methodslet to find aninertiamoment,
frequenciesof intermolecular and intermol ecul ar oscil-
lationsintheclustersand their dissociation energy. On
thebasisof thesecaculationsit’spossibleto calculate
all thethermodynamic and also kinetic characteristics
of theclusters. Theclustered method underliesinther-
modynamic of natural gascomponents.

Modeling and research of clustersstructurewill give
mankind an aternative energy source, creation of chips
inthedzein somenanometer, devicesof memory with
superdenserecord of theinformation, integrated quan-
tum schemes, will alow tofind out theirinfluenceonan
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environment (destruction of an ozone cloud, change of
aclimateof Earth).

Clathrates- thestructuressmilar toaniceinwhich
variousgases“vidtors’ containinthecrystal cellsgen-
erated by moleculesof water “owner”, which actualy
also areclusters. Clathrates structuresareformed on
thebas sof various substanceslikefootball coordina-
tion of atoms: gas hydrates— “Clathratesice”. More
important ishydrate of methane. Stocks of power re-
sourcesontheEarth (cod, gas, oil) will suffice, at mod-
ernratesof their use, ondifferent sources, on 50- 100
years. Thereisaproblem of useof dternative sources
of fudl. To such concern clathrates of methanewhich
stocksinground adjournment of the\World Ocean and
inpermafrost are practicaly inexhaustible and make not
lessthan 250 billion cubic meters. Inrecal culation on
traditiond kindsof fud it morethantwiceexceedsquan-
tity availableon aplanet. Specid danger isrepresented
withwarming aclimatewhich can start the mechanism
of dlocation of methanefrom crystd-hydrateocean with
pernicious consequencesfor al diveontheEarth.
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Figurel

MONTE-CARLO SIMULATION

Theideaof method of clustersdynamicsat nucle-
ationisfollow. We can seethat thevolumegas congsts
of monomersand n-mersclugters. Thissystemisinequi-
librium. Themogt difficult caseistosmulatethecallison
between clugters. Let usconsider theproblem of nucle-
ation of new phase. Intheinitid moment of timesystem
cong stsonly from monomersthenwechoosealittletime
At—0. Duringthistimemolecules-monomerscollideesch
other. Thelaw of collision depends on the sort of mol-
ecules. It may be solid sphere— themost smple case,
the pseudo maxwel | molecules, Lennard-Joneslaw and
other. If moleculeshavecomplex structureitisnecessary
to consder interna free degreeschange: rotationa and
vibration energy Aswewill seelater a the processesof
nucleation thereisvery important the quantum proper-
tiesof molecul es, besideswe must know thecriteriaof
conglutination. At usudly it issomethreshold energy Ep
On next time step At we have already amixturefrom
monomersand dimmers. Now wemust know law of the
interaction between monomersand dimmers Besideswe
must know thethreshold energy of conglutination mono-
mer-dimmer and dimmer-dimmer. Moreover we must
know thecriteriaof jarring. Onthen-thtime stepwewill
haveamixturefrom nkind of clustersfrom monomer,
dimmer to n-mers. And wemust havemode sof interac-

tion of different clusterswith each other and criteriaof
conglutination andjarring of molecules. Below theca cu-

—== Fyl] Paper

lation of model problem of nucl eation of vapour from
monomerstodimmers. .. n-mersetc. until creation of
new phase(Figure2ab).

For establishment of low of interaction of different
substancesit isnecessary to consider physics-chemica
propertiesof the substance. Asthemost important prob-
lem we consider property of water clusters.

Calculation of the speed of liquid clustersnucle-
ation accordingtoaclassical theory

Nucleation classcd theory isoriginated asfar back
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as 30" and it’s based on two main approximations:
Szilard’smode and liquid-drop model. It’ssupposed
that oversaturated steam consists of the mixture of a
steam of monomersand clusters, contained different
number of molecules, in Szilard’smode. Clusterscan
grow and evaporate, adding or losing only one mol-
ecule at thesametime. Inthe context of thismode it’s
possibleto cal culate the compact expression for the
permanent isometric nucl eation’s speed.

Jo= g*r}lﬁlg
1 L]

[ ’ gZ:; i=2 Bi ]
inwhich n, - monomers’ concentration (it’s supposed
that monomers’ steam doesn’t become weak in the
condensation process), 3, - speed of moleculejoining
to cluster, g, - evaporation speed, g,- nucleus’scritica
sze. Usingthenliquid drop modd, i .e. supposing that
clustersare spherical and similar, one can get the ex-
pression for nuclestion speed:

2y 16mv° yT
Jo = aniv, | =-BExp| - e
o =AMV Tm p{ 3(InS)2(kT
inwhich a - adhesion factor, v - oneliquid molecule

volume, y- surfacetension, S= P/P_ - supersaturation,
B - Varnard’scorrection.
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that arises at the consecutivekinetic method and is ab-
sent on the calculation from classica thermodynami-
caly method, e.g. on cal culation of work that isneces-
sary for nucleus (size g) creation. Inthelatter casewe
get Zd dovitch-Frenke ’sformula

2y 1612 «{T
3, =antv, [ L Exp| - X
o =AM\ Tm p{ 3(InS)2[kT

Inclasscd theory pressureand critical nucleus’ sze

(1.4)

arejoined by Calvin-Gibbs’ formula
n b _ 2
P, kT (19)
Or
_ 2yv
InS. = [ KT (1.6)
inwhich r, -critica nucleus’ sze
~ 397‘/ 1/3
Ty _( 4n ) (17)
Fromthis
_@ m 2/3 v 3
=35 kins, (18)
For water —
12 }J, "{ 3/2 u(yjyz
198, = —F=——|~ | =02427| L
9% ngp(Tj 0242p T (1.9)

Surfacetension for smal-sized water clusterswas
cd culated to high accuracy inthe experiment’® (Figure
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Figure3: Surfacetensionsdependenceon cluster’ssize
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3). Theresultswere made according to cal cul ation of
cluster’ssizewith exact coordinatesof atomsin clugter.
Fromthisitfollowsthat rea surfacetension of small-
szed dugersis30-50%lessthanfor liquid usua drops.
g. - Inthiscaseequasorder 3for T =230-250K
(considered temperature), while g, ~ 5 for
abovementioned temperaturesontheclassica theory
Thenwecanrewritetheformula(1.1) as:

J - nlBl

[1+ Z]

g=2

(1.10)

(0-Df(@)-3 ()
=10 B KT

(1.11)

Function f(g) isdeterminateas.

Vv
f(g)=kTIn-2%
1%

0

(1.12)

For f(g) function was used a dependence cal cu-
lated with molecular dynamic method in experiment!?.

According to nuclegtion classicd theory theevapo-
ration peed of clusterswith g moleculesiswritten down
&

AS,y
o, =ngwExp(— k'l? J

(1.13)
Inwhich

2/3
S, = 47{%) 9*” - surface square of cluster that

consistsof g— molecules, v— one molecule’s (mono-
mer) volume, and then

2 3 2/3 B
AS,=S,-S,, ~ 547{5] g™ - surfacechangedue

to evaporation of onemolecule

v, = AEXP(—%) - evaporation speed from unit of

areaof flat limit of division/section, E_ - evaporation
heet from plane.

In nucleation classical theory nucleuses speed
growth B isexpressad through number of collisonwith
monomersintimeunit:

KT

=aS
ﬁg of 2nm

(1.14)
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Comparison of Measured and Calculated
Nucleation Rates for Water

(Temperatures in K — Strey et al. high temperatures are 259. 254, 249, 244) [11]
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Figure 4 : Nucleation speed according to classical theory
(liquid-dr op mode without Var nar d’samendment)
Comparison of Measured and Calculated
Nucleation Rates for Water

(Temperatures in K — Strey et al. high temperatures are 259, 254, 249, 244)

0° k
! o Strey et al.

—=—LFTR
10° £

DN

—3— Classical Theory
MD-experiment

at T=239,244,217 4
f(g)=1.5g"-1/3
g*=3

107 £

100 »

% . 3 -
Nucleation rate (cm™ s™)

10° F

Supersaturation
Figure 5 : Nucleation speed according to classical theory
(experiment of molecular dynamic, for g, =3)

wherea— adhesionfactor, that isindeterminate value
and can befrom 0.01to 1.

On the basi s of abovementioned data nucleation
speed for liquid-drop modd with Varnard’samendment
(1.2), (Figure4), without Varnard’samendment (1.4),
(Figure5), nucl eation speed received on the basi s of
experiment of molecular dynamic at different tempera
turesand g,, (1.10) (Figure4, 5). Findingswere com-
pared with last experimental datd?.

Evidently, classical method for nucleation theory
doesn’t make satifactory results. Further, quantum-me-
chanica method will beused and demonstrated for cal-
culation of nucleation speed.

Calculation of water cluster snucleation speed ac-
cordingtoquantum-mechanical theory

Let’sexamine asystem included gas-phase mol-
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ecules A, of condensed matter (monomers) and mo-
lecular units A (clusters) included two or more mol-
ecules n> 2. Cluster A with dimensionn hasenergy of
dissociation (ruptureof connection) E , threemoments
of inertial ,(n), I,(n), I . (n), and also 3nl-6 oscillation
degrees of freedom, from which (3] — 6)n belong to
intramolecular oscillations, and a (6n—6) —tointer-
molecular oscillations (I — number of atomsin mono-
mer).

First, let’s examine a pared-down model of
clusterization and supposethat aclustersgrowthisa
result of joining asinglemonomer of amolecule-asso-
ciationtothem. Andtheclusters’ destructionisaresult
of intermedi ate tage— activated complex formationand
decay.

Omitting astage of activated complex and taking
into account only areaction final product, succession
of elementary processes of formation and destruction
of dustersA, canbewrittendowninthesummary form:
K. A+A+M < A +M (2.1)
K,(n+1)

Here M —any molecule or gas-phase cluster; K (n) 1
K, (n+1) — constants of direct and inversereactions’

speeds, K (n) — a constant of speed of a monomer
joining to acluster A , and K (n+1) — aconstant of

speed of acluster dissociation A |, toacluster A anda
MOoNoMe.

For concentration N, clusterswith A formonthe
basisof (2.1) one can write down an equation of their
changewithtimeintheform of(“:
dN,

dt
J, = N,N,MK_(n) = N, ;MK (n+1) (2.3)
HereJ — clustersflow in aspace of number of mono-
mersinthem, e.g. number of clusterspassingonina
unit timefrom n point to n+ 1 point.

Intheterms of thermodynamic ba ancethe speeds
of direct andinversereactionsK (n), K (n+1) arecon-
nected through abal ance congtant:

0= Ka(n) — Nn+l — hk‘r - K kT
Ke(n+D) NN, RR ’
HereP, = o.P, o, =N/N - apartial pressureand molar

part of component i;

= ‘]n—l - ‘]n (22)

(2.4)

P. ,
K, =5 p - Balance constant of reaction (2.1), ex-
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pressedin partia pressuretermsof components ([Kp]
=lam?).

Cdculation of aspeed congtant of cluster dissocia-
tion is based on monomolecular reactions theory
RRKM (of Rise-Ramsperger-K assel-Marcus)®, here
you can seethefind result:

) [EZ P(E;)}exp(—E*/kT)dE*
|

K _LQUepCE/KT) ¢ | & (2.5)
‘ hQQ, 1+ K (E;— E")/Kk[M]
Where,
E =E'+E,
+ L X & +
k(B +E)=— s S p(E;)

hQN'(E+E") &%
Here L — number of paths, that are equal interms of
energy (for example, L = 2for dissociation of H,Oto
Hand OH), Q,and Q,* - static sumsfor gyrationin
mol ecule and activated complex accordingly (it was
used Q,"/Q, = lincaculaions), Q,—total (oscillation
and rotary) static sum for dissociate molecule,

{g P(EG)} - number of vibrational and rotary condi-

tion of activated complex ininterval of energies|O,
E"), N - density of oscillation and rotary reagent lev-
els. Condition number of activated complexesand
density of energy of reagent small-sized molecules
were cal culated by direct converting (for that all the
normal oscillations’ frequenciesweredividedinto 9
groups). For large clustersVitten-Rabinovitch’sana
lytic approximation were used®. Cluster K _(n) for-
mation constant was determinate through dissociation
constant K (n+1) and balance constant K _ according
to (2.4).

Inquasi-equilibriumtermsdN /dt =0, so Jdoesn’t
depend onn, asaccordingto (2.2) J =J -1foranyn.
Inthis case equation (2.3) becomes
Jo = N,N,MK_ (n) = N, ;MK ,(n+1) (2.6)

Totdlity of equations(2.6) represented investigated
heterogeneouslinear systemrelatively N, inbalance
terms, when speedsof any direct and inverse processes
arebalanced, system (2.6) comesto similar equations

0=NNK, (n)— N® (2.7)

n+l

Ky(n+1)

Here N° - quasi-balanced distribution functioninthe
absenceof flow (J,= 0).
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Thesolutionof (2.7)is:
K. ()
W 1H Ka(i +D)
Let’sput adegree of steam Ssupersaturationinthe
followingway:
Ny
N (2.9)

leq

2.8)

S=

Here N° - numerical density of monomers, N?-

balanced numerical density of monomers abovethe
clusterswithmaximumlargesize.

Ky () QQ., 1 _
lea ™ K(w)"nﬂl Q, plf\/ L'IE[K (n)kT} '

Eule),

- (2.10)

N, =56757 oA TEnae [1— ap[—gj] ap(—
Oy

inwhich E; (o) - separation energy of monomer from

maximum large-9zed cluster, “averagestatisticd” dis-
criminatory oscillation temperature of cluster withn-

6, Szeisterminated with following corrdlation:

B\ ene _6m
l-eT7 =H[1e T
i=1

Quasi-equilibriumdistribution (2.8) becomes:

(2.11)

NO = N? exp{fi—f(nfl)“ + (n1)InS}-n3’z[1exp(@/T)s(“)

fila ()%

Here- separation energy of monomer frominfinitely
large-sized cluster, — energy of dissociation of dimer, -
parametert.

Inexperiment™ expressionfor quesi-equilibriumdis-
tribution of theclusterswith n monomersweregot:

2.12)

N::Nfexp{—i—f(nfl)“‘l’(n*l)lns}, (2.13)

itisfully congruent to equation that wasgot in approxi-
mation of liquid-drop mode inclassical theory of con-
densation, if
Egs(N+1) = Ej (o) - 4750(rn+1 n %)
and o =2/3,
Wherer , ¢ - radiusand surfacetension.

Equation (2.12) isdifferingfrom classicd andfrom
equation (2.13) of the experiment!¥ because of the evi-
dent cal culation of structure and energy characteristics
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of intermolecular quantum motionsinn-sizecluger.
Statistic sum of idedl gaswithinternal freedom de-
grees, conssted of Nindistinguishableidentica particles
—n-sized clugters, ig°%:
1
Z,= an
So, for onemol of n—sized clusters

3/2T4 3/2
I(Z,) = N, In| 14949.10" M T "R o o5 4 1yrexp
c,P \'A
6n—6
K 5200
kT (2.14)

where N, - Avogadro constant, M, - monomer’s mass,
g, - degeneration of electronic level of cluster, S -
monomer’snuclear spin.

Knowledgeof Z givesapossibility to calculateal
the necessary thermodynamic functionsfor onemol of
n-sized clusters®. Inquasi-equilibrium approximation
increase of Gibbs’ free energy can bereduced to the
following:

__RTm[P“ [J(n]
P, o, An-1

R Via Eas(M [, _ X i
Ros V, =s{ S ][1 exp[ T]] }

Here, R—universa gasconstant.

AG?

n,n-1

(2.15)

Comparison of Measured and Calculated
Nucleation Rates for Water

(Temperatures in K — Strey et al. high temperatures are 259, 254, 249, 244)
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Comparison of Measured and Calculated
Nucleation Rates for Water

(Temperatures in K — Strey et al. high temperatures are 239, 254, 249, 244)
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Figure7: Nucleation speed accor dingly quantum-mechani-
cal theory for different T (217, 239, 244, K)

Solution of dissmilar system (2.6) inquasi-equilib-
rium gpproximationiscal culated asfollowing:
N, =C,N° (2.16)
inwhich - quasi-equilibrium digtribution of clustersin
according to thesizesin the absence of flow (J,=0).
Solution of dissmilar system (2.6) inquas-station-
ary case J, # Oisconverted to:

n-1 1
N, =N°[1-3> ————
vy

Where

-1
= 1

Jo=| Y

S

When constants of clusters association and dissocia-
tion areknown, quasi- equilibrium solution canbeca-
culated and then - using (2.18), number of nucleusesin
volume unit, passing from n point (n-sized cluster) to
n+1 unit (n+1-sized cluster) onintimeunit, iscalcu-
lated for the system with density of monomers—N..

Asweseein (2.17), numerical density of clusters
instationary stateislessthan corresponding numerical
dengity inquasi-equilibrium state. Decrease of numeri-
ca dengity of clustersin stationary statein comparison
with quasi-equilibrium stateisso muchlarger thanitsn
Szeislarger.

For calculation of J, acomputer program of the
experiment” wasused. Asit’s a the Figure 7, when
using thisquantum-mechanical method, weget aresult
that isvery smilar to an experimenta result. Andit con-
firmsthenecessity of using thismethod.

(2.17)

(2.18)
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Further, quantum-mechani cal method for thermo-
dynamic functions of water clusterswill be demon-
Strated.

CONCLUSIONS

Comparison of two theories— classical and quan-
tum-mechanical - for calcul ation of water nucleation
speed wascarried out. Themain problemin nuclegtion
speed determination in classical theory of condensa-
tion, asit wasdiscovered in alot of authors’ works,
comesto necessity of describing with maximum preci-
sonthesurfacetens ony, which makesitscontribution
onthe speed. Classical liquid-drop model can’t give
the exact valuey for small particles, and so adiver-
gence with experiment appears. E.g. y concept islos-
ingmeaningfor smal clusters. Cdculationsof energies
and hesat capacities of different clusterswere made at
different temperatures and pressures and their contri-
bution to the total system’s heat capacity were esti-
mated.

Asaresult wehavefollowing: it’snecessary totake
into account thedusters’ contributioninto generd char-
acteristics of the system for the correct description of
thermodynamic functionsof amatter, in particular for
water and its steams. In particular, heat capacity of
water’smonomer greatly differsfrom water’shest ca-
pacity takinginto account dimers’, threemers’ and tet-
ramers’ contribution.

It’s necessary to attract quantum-mechanical per-
formancesfor investigation of clusters’ characteristics
andther influenceto theenvironment.

Moreover, development of clusters’ theory helpsa
mastering of the technology of mining - potentia gen-
erator infuture.

Besides progresstheory clustershelp better mas-
ter technol ogy gas-hydrate methane production poten-
tialssource of energy inthefuture.

The reported study was partially supported by
RFBR, research project No. 11-07-00300-a.
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