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The evaporation rate (y) of n-alkanes Cg—C,; from molecular clusters and nanodroplets is analysed
using the quantum chemical solvation model (SMD) and the kinetic gas theory, assuming that the system
is in a state of thermodynamic equilibrium (i.e. evaporation and condensation rates are equal). The
droplet size, liquid density, evaporation enthalpy and Gibbs free energy of evaporation are calculated
over a broad temperature range of 300-640 K. The quantum chemical calculations (SMD/HF or
SMD/B3LYP methods with the 6-31G(d,p) basis set) are used to estimate changes in the Gibbs free
energy during the transfer of a molecule from a liquid medium (modelled by clusters or nanodroplets) into
the gas phase. The kinetic gas theory is used to estimate the collision rate of molecules with
clusters/nanodroplets in the gas phase. This rate depends on partial pressures of components,
temperature, sizes and masses of molecules and clusters/nanodroplets. An increase in the molecular size
of evaporated alkanes from octane to heptacosane results in a strong decrease in the y values.
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INTRODUCTION

Investigations of the droplet evaporation have
been stimulated by numerous related industrial,
technological, pharmaceutical and environmental
applications [1-13]. Pioneering works on the
droplet evaporation were focused on water because
of practical importance of this process [4-8]. The
latter is determined by the temperature behaviour
of water (or organic solvents) and organic or
inorganic solutes forming droplets of various sizes
located in the gas phase or on solid surfaces (e.g.
inkjet or 3D polymer printing) [9-12]. The
importance of the evaporation process in Diesel
engines has been widely discussed [1-3, 13]. These
processes have been studied using both
experimental methods and theoretical modelling
based on a variety of approaches [1-3, 13-17].

The boundary condition for the kinetic region
at a droplet surface is controlled by the evaporation
coefficient. Its value was calculated with the
molecular dynamics (MD) in which the interaction
between individual molecules was described by the
force field (FF) methods simplifying both inter-
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and inner-molecular interactions by ignoring
electrons per se (i.e. quantum effects were ignored)
[14, 15, 18-20]. Alternative quantum mechanical
approaches used to analyse the droplet evaporation
process were recently developed [21-25].

Most of the evaporation models were
originally developed for water droplets. Despite the
simplicity of water molecules in comparison with
organics, the investigation of water evaporation is
complex [4-8] because of strong hydrogen bonds
between each atom in water molecules causing
clustered water structures (even in liquid water
[26]) which can be strongly affected by solutes and
co-solvents [26, 27]. These or similar effects are
not observed in alkanes because the intermolecular
bonds in alkanes are of the van-der-Waals (vdW)
type with a predominant role of London dispersion
forces [28-30]. Therefore, the clustered structure of
alkanes is less probable than that of water,
however, is possible. These alkanes features allow
a certain simplicity of the modelling, including the
application of molecular mechanics (MM) and
molecular dynamics methods based on the vdwW
force field approaches [16, 18-20]. These models
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can be applied to both individual liquids and
complex mixtures including a number of
compounds which can be evaporated under various
conditions [29-36]. However, the MD/FF models
used to study evaporation of alkanes could lead to
erroneous results. The main sources of these errors
are related to the fact that changes in molecular
polarisation, electron transfer and ion or radical
formation, as well as electron factors at relatively
high temperatures are ignored. Temperature
increase can lead to strong thermal vibrations of the
bonds and changes in the electron density of atoms
during vibrational excitations, fast rotations,
conformational changes, and collisions between
molecules. The electronic effects (enhanced at high
temperatures) in intermolecular  interactions
between evaporated aromatics and organics with
polar functionalities, in comparison with alkanes,
can result in an increase in the errors in modelling
of these systems using MD/FF, especially if the
force fields are calibrated for systems under
standard conditions. A complex approach based on
guantum chemical estimations of the Gibbs free
energies of solvation (AG;) and evaporation (AGey)
and the kinetic gas theory was applied to analyse
evaporation of real-life Diesel fuel clusters and
nanodroplets, including a set of alkanes, substituted
aromatics and other organics in the Cg—C,; range
[23, 24].

Such interactions as molecule-molecule,
molecule-cluster, and  molecule-nanodroplet,
depending on temperature, kinetic energy, and
orientation of the molecules hitting a droplet
surface are analysed here. Detailed analysis of
these processes is expected to allow one to develop
a better understanding of the underlying physics of
the condensation/evaporation processes. The
analysis is based on the kinetic gas theory which
allows one to apply the model mainly to molecular
clusters and nanodroplets [23,24]. Additional
theoretical investigations with ab initio, DFT and
semiempirical quantum chemical methods are
performed to clarify the underlying physics of the
evaporation processes of alkanes.

MODELLING METHODS

Individual molecules, clusters and nanodrop-
lets of alkanes Cg—C,; (including n-dodecane as a
representative compound) were studied using ab
initio (HF/6-31G(d,p)), DFT (B3LYP/6-31G(d,p))
and semiempirical methods (PM6, PM7)
implemented in several program packages:
Gaussian 09 (revision D.01, 2013) [37],

WIinGAMESS (version on May 1, 2013) [38, 39],
Firefly (version 8.1) [40], and MOPAC 2012
[41, 42]. The geometry of initial nanodroplets (with
64 or 128 molecules) was optimised using the
molecular mechanics program AMMP (modern
full-featured molecular mechanics, dynamics and
modelling program with the CFF91 or MM+ force
field method implemented in the VEGAZZ
program suit, version 3.0.3) [43]. After that, the
geometry was optimised using the PM7 or PM6
methods. The HF and DFT methods with the
6-31G(d,p) basis set were applied to smaller
systems with 7-8 molecules (molecular clusters).
Visualisation of molecular structures was
performed with the help of the ChemCraft (version
1.7/382) [44] or GaussView 5.09 [45] programs.

The Gibbs free energy of solvation (AG;) was
calculated using the solvation model (SMD,
universal solvation model based on solute electron
density and on a continuum model of the solvent
defined by the bulk dielectric constant and surface
tensions) developed by Truhlar et al. [46] and
implemented in Gaussian 09 and WinGAMESS.
n-Dodecane was used as a solvent in SMD. The
AG, values were used to estimate the changes in
the Gibbs free energy upon evaporation (i.e.
transfer of a molecule from the liquid phase into
the gas phase where there is no solvation effect and
AG; =0).

To study the dynamics of elimi-
nation/condensation of molecules from clusters or
nanodrops, the dynamic reaction coordinate (DRC)
method was applied. In this method, one calculates
atomic velocities (i.e. Kinetic energy Ec) and
potential energy E, of the system and estimates the
average temperature from the E, value. After each
time step (chosen as At=10"°s=0.1fs), the
potential energy of the system is re-calculated
using the PM7 method (MOPAC 2012) [41] or
HF/6-31G(d,p) (WInGAMESS or Firefly)
[38—40]. The trajectories of atoms are calculated
using the classical mechanics approach adding the
corresponding Kinetic energies to atoms and re-
calculating their velocity and coordinate vectors at
each time step. These calculations allow one to
model either the removal of a molecule from a
cluster or nanodroplet, or its sticking to the cluster
or nanodroplet, and to estimate the corresponding
changes in the kinetic energy. This approach is
useful for studying the interactions of molecules
with nanodroplets depending on the orientation of
the attacking molecules and the nanodroplet
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surface molecules, as well as the velocities of the
attacking molecules.

The following equation for the evaporation rate
(vig+j) [21-24] was used in the analysis

AG, . —AG —AG,
Vigei) =By P eXp( — ij @)
kg TN, kg T

where ng is the initial number of molecules in a
cluster or nanodroplet, i+ is the evaporation rate
of the i-th molecule from a cluster (or nanodroplet)
i+], by is the collision rate of the i-th molecule with
the j-th molecule (cluster/nanodroplet) [23, 24],
AGiyj, AG;, and AG,; are the Gibbs free energies of
formation of the molecules (clusters/nanodroplets)
from monomers (molecules) at the reference
pressure p. If i or j refers to a monomer (in the gas
phase) then the corresponding AG; or AG; is equal
to zero. For other cases, AGi:j — AG; — AG;
corresponds to changes in the Gibbs free energy of
the system due to attachment of the i-th particle to
the j-th particle. Note that expression (1) describes
the actual rate of removal of molecules from the
droplet surface, which is equal to the rate of
condensation of molecules in the equilibrium state.
Expression (1) cannot be used directly for the
analysis of evaporation of droplets under Diesel
engine-like conditions, in which the system is
essentially not in the thermodynamically
equilibrium state, but it can be applied to the
analysis of some special experiments in which the
state is close to thermodynamic equilibrium (quasi-
equilibrium). It can, however, be used for the
analysis of some trends, which are observed in the
immediate vicinity of Diesel fuel droplets where
the state of the system is expected to be close to
that of thermodynamic equilibrium [14-16]. The
collision rate  between  molecules  and
clusters/nanodroplets is estimated from the kinetic
gas theory (KGT), assuming that these structures
are in the state of thermodynamic equilibrium
[17, 21-24].

The evaporation enthalpy (Qe(T) > 0),
contributing to AG,,, and the density of liquids p(T)
as functions of temperature were estimated as
described in [47]. Function p(T) was used to
estimate the size of clusters/nanodroplets at
specific temperatures assuming that swelling of a
cluster/nanodroplet is related to its decreased
density with temperature.

One can assume that the changes in the Gibbs free
energy upon evaporation (Qe(T) — TAS = AG,, > 0)
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correspond to the changes in the Gibbs free energy
of a molecule upon solvation at temperature
To=298K but with the opposite sign as
AGsp=AH;—TeAS <0, ie. AGso=—QeTo) — ToAS
at AHs = —Q(To). This leads us to the following
equation

MG, (N=AG Q. (N7 MG, +T/Ty1+Q, () AG,).
(2)

where AG;s, is the Gibbs free energy of solvation
determined using the SMD method under standard
conditions. Eq. (2) was derived assuming that the
changes in the entropy (AS) with temperature can
be ignored.

Under thermodynamic  equilibrium, the
number of molecules held in the gas phase around
liquid droplets at temperature T can be described
by the equation analogous to the Langmuir
equation of adsorption [48]

a-Plexp(-AG,,,(T) /kT)
Mo _ Py , ©)
N 1+%exp(—AGev,i(T)/kT)
0

where o is a constant (determined from the limiting
condition at a sufficiently high temperature), pi/po
is the relative partial pressure of the i-th evaporated
component, po is the total pressure, ng is the initial
number of molecules in the droplet equal to the
total number of molecules in liquid and gas phases
during the evaporation process.

As mentioned earlier, the above analysis is
applicable to the case when gas and liquid are in a
state of thermodynamic equilibrium. When this is
not the case, the relevance of quantum chemical
effects is restricted mainly to the calculation of the
evaporation coefficient

ﬁz(fv,out_fvr)/(fvs_fvr)v (4)

where f, is the distribution function of molecules
leaving the liquid surface, assuming that the
evaporation coefficient is equal to unity, f,, is the
distribution function of molecules reflected from
the droplets. It was assumed that this coefficient is
the same for all directions of the evaporated
molecules [14, 15]. The values of g for n-dodecane
were estimated based on classical MD simulations
[15]. As follows from these simulations, f
decreases from 0.9-1.0 at T/T, = 0.45-0.55 to 0.25
at T/T,=0.75-0.9, where T, is the critical
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temperature. Direct reproduction of calculations
presented in [23, 24] but taking into account the
guantum chemical effects does not look feasible at
the moment.

RESULTS AND DISCUSSION

The evaporation rate calculated with Egs. (1)
and (2), a relative number of molecules evaporated
from a droplet (n./ng) in equilibrium state, and a
residual number of molecules in a nanodroplet
during evaporation (1 — ng,/ng) vs. the nanodroplet
diameter and temperature, are shown in Figs. 1, 2
and 3, respectively. Parameter ne,(T) denotes the
number of molecules transferred into the vapour
phase as a function of temperature, ng is the total
number of molecules, assuming that the system is
in a state of thermodynamic equilibrium. Limiting
condition ng/ng =1, or 1 -ny/ny=0, corresponds
to complete evaporation of a nanodroplet occurring
under equilibrium conditions at a certain
temperature. Note that the results for droplets with
diameters close to 1 um, shown in Figs. 1 and 2,
should be treated with caution, as for these
relatively large droplets the condition of

thermodynamic equilibrium is not likely to hold.
An almost linear decrease in the values of y with
growing droplet diameters (Fig. 1) can be attributed
to the fact that the ratio of volume to surface area
is proportional to

of spherical nanodroplets
nanodroplet diameters.
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Fig. 1.

Evaporation rate vs. temperature and nano-
droplet diameter for evaporation of n-dodecane

molecules from dodecane nanodroplets
(HF/SMD/KGT with temperature dependent
corrections and AGs = —20.5 kJ/mol at 300 K)

Fig. 2.

Relative number of evaporated molecules vs.
temperature and nanodroplet diameter for
evaporation of n-dodecane molecules from
n-dodecane nanodroplets (HF/SMD/KGT with

temperature  dependent  corrections  and

AG; =-20.5 ki/mol at 300 K)

Comparison of the Gibbs free energy of
solvation of n-dodecane obtained by classical force
field (AGs=-30.9 ki/mol [24]) and quantum
chemical methods (AGs=-20.5kJ/mol by
HF/SMD with WinGAMESS or —25.5 kJ/mol by
DFT/SMD with Gaussian 09) shows that the FF
result can be closer to the experimental value,
AG,=-32.8 kJ/mol, than the SMD ones [46].
However, molecules are evaporated from a droplet
surface but not from the bulk solution. At the
surface, the number of n-dodecane molecule
neighbours is about 5/8 of those in the bulk of the
droplet for an ordered structure with non-bent
molecules (simple estimation gives 32.8:5/8 = 20.5).
Therefore, smaller values of AGi.j — AG; — AG; = AG;
(-20.5 or —25.5 kd/mol) is used in Eq. (1) for the
calculations of the evaporation rate.

Large n-alkanes, such as icosane (Cy) and
heptacosane (C,;), are more poorly evaporated
than smaller n-alkanes (Csg, Cy2) from n-dodecane
medium (Fig. 3). Evaporation of dodecane from
n-octane medium (Cy ) occurs more slowly
than from dodecane medium (Ci, C1 ). In
other words, one can expect that, as a result of
evaporation, the gas phase consists mainly of
n-octane from the Cy,-in-Cg system, while
dodecane remains mainly in nanodroplets at
T<Tb,c12 and evaporation of dodecane from

octane droplets starts at T = Tb,csz 399 K. This is
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expected to lead to an increase in mass fractions of
compounds with larger molecular masses in
complex hydrocarbon droplets during evaporation.
Similar changes in droplet composition were
observed for aromatics, in which the evaporation
rate decreases with increasing molecular weight or
the number of aromatic rings in the molecules
[23, 24]. According to Fig.1, the composition
changes can occur faster for smaller droplets.
However, changes in n./ny, do not depend on the
droplet sizes (Figs. 2 and 3).

For small n-alkane molecules (Cg), evaporation
of both monomers and dimers was observed, but
for larger molecules (Ci6), only monomers were
evaporated [49]. This agrees with the modelling
results for evaporation of monomers and dimers of
various alkanes [23, 24]. The difference in the
evaporation of monomers and dimers can be
related not only to the difference in their molecular
weight but also to the difference in the
corresponding values of Q., AGe, and AG..

1-ng, /Ny

Temperature (K)

Fig. 3. Relative numbers of molecular residuals in a
droplet as a function of temperature and droplet
diameter for various n-alkanes evaporated from a
nanodroplet with n-dodecane as a solvent
calculated using the SMD/HF/6-31G(d,p)/KGT
model (with —AG, = 11.3 (Cg), 205 (Cy), 255
(Cx"), 224 (C ™" in the octane medium), 39.2
(Cp), and 55.1 (C7) kJ/mol at 298 K)

Intermolecular interactions of aliphatic-
aliphatic compounds differ from those of aromatic-
aromatic ones due to the stronger dispersion and
polarisation interactions of aromatics. This can be
seen in Fig. 4, where the contributions of various
fields for the n-dodecane, butylpentylbenzene, and
ethylphenanthrene clusters with seven molecules
are illustrated.
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For alkanes (dodecane in Fig.4), only
dispersion interactions are essential (<91 % for
dodecane in the dodecane medium, according to
SMD/B3LYP/6-31G(d,p) calculations). These
interactions are the main component of the vdw
interactions caused by force between two
permanent dipoles (Keesom force), force between
a permanent dipole and a corresponding induced
dipole (Debye force), and force between two
instantaneously ~ induced  dipoles  (London
dispersion force) [28-30]. For aromatics, there are
all contributions of vdwW forces and additional
polar (positive or negative in Fig. 4) interactions
[50]. Therefore, intermolecular interactions
between aromatics are stronger than those between
alkanes at similar molecular weights. For example,
for ethylphenanthrene in the n-dodecane or
benzene medium, contributions of non-polar
components, calculated by SMD/B3LYP/6-31G(d,p),
are 781 and 771% at AG;=-399 and
—44.5 ki/mol, respectively. Thus, the relative
contribution of non-polar interactions is smaller for
aromatics than that for alkenes. Another aspect of
the intermolecular interactions is related to
ordering-disordering of the supramolecular structu-
res in liquids. Ordered supramolecular structure of
molecular clusters/nanodrops affects the interaction
energy, since the more ordered the structure, the
greater the interaction energy [23, 24].

The positive evaporation enthalpy Q.
decreases with temperature; e.g. for n-dodecane,
Qe =~ 60 kd/mol and 18 kJ/mol at 300 and 640 K,
respectively. This leads to a decrease in the positive
Gibbs free energy of evaporation (AG,, > 0) with
temperature as intermolecular interactions in
liquids decrease with temperature (liquid density
and intermolecular bonds decrease when
temperature increases). Therefore, the removal of a
molecule from a heated droplet needs less energy
than its removal from a cold droplet. The Gibbs
free energy of solvation of molecules in liquid is
negative (AG; < 0) and its modulus decreases with
temperature due to the above-mentioned effect.
The evaporation becomes more difficult when the
size of evaporated molecules increases since this
size affects the values of Q. [46], AG., and AGs.
For example, when the sizes of n-alkane molecules
increase, their evaporation from nanodroplets with
dodecane as a solvent, calculated using the
SMD/KGT model, becomes more difficult
(Figs. 3-5) since the values of |AG{ and AG.,
significantly increase with increasing molecular
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size of organics [23, 24, 47]. Evaporation of Cg—Cy,
n-alkanes from dodecane nanodroplets occurs
mainly at T < T, = 489.5 K (boiling temperature of
dodecane) (Fig. 3). An increase in the predicted
values of |AGs| for dodecane from 20.5 kJ/mol

interaction (i.e. lower AGs or higher |AG|) slows
down evaporation. The value of |AGy for
heptacosane in  dodecane is 55.1 kJ/mol
(SMD/HF/6-31G(d,p)), much higher than that for
Cg—Cyo, and therefore the plot of (1 — ne/no) for Cy;

(SMD/HF) to 25.5 kJ/mol (SMD/DFT) leads to a shows the maximal shift towards higher
shift of the evaporation plot with temperature, as temperatures (Fig. 3).
strong dodecane molecule-dodecane medium
&P n-Cy,Hae CH3(CH,)3CeH4(CH,),CH, }’ © - »
€ < PM7geometry ——>_ = & LA
& N%e%ads Ll 4
kg‘ vy k‘éﬁ Similar g 7S i;,‘/“ ‘lﬁf.g . ¢l “Eo
geometry | 4 E‘,d.r"“""c P Y TN
o Py BT 2 R L
8§ & '.;c v 1 .(1,
&.9 “% L » ;di’ \.\‘ ab initio 6-31G** “}{“5&‘(} 1?&1;'5 55:5:5 ,‘
) ; & V4 v .»:; f“,"‘; S
\‘}.A“ L4 ! & (_? )‘;a!’\

7 Ethylphenanthrene

van der Waals surface field points
hydrophobic ( 'fat-loving') surface

Positive field points
(like to interact with negatives
e.g. H-bond acceptors)

Negative field points
(like to interact with positives
e.g. H-bond donors)

Fig. 4. Fields in clusters with alkanes (n-dodecane) (top left scheme) and aromatics (7 molecules of butylpentylbenzene
(top right scheme) or ethylphenanthrene (bottom scheme)) optimised with HF/6-31G(d,p) or PM7 (the fields
around molecules were visualized using the TorchLite program (version 10.0.1) [50])

The evaporation rates, expressed in terms of
the rate of decrease of the squared droplet diameter
if condensation is removed, (ke,) versus tempera-
ture for droplets with diameters of 14.4 and 64 um,
are shown in Fig. 5. The plots shown in this Figure
are expected to show the trends of ke, rather than
their quantitative characteristics as the validity of
the condition of thermodynamic equilibrium for

10

such large droplets could be questionable. As
follows from this Figure, an increase in the droplet
size leads to an increase in the evaporation rate; for
droplets with d=64um, k. increases with
increasing temperatures. Similar effects were
observed in the experiments, the results of which
were described in [51]. In these experiments the
evaporation rate of dodecane droplets was
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measured in a nitrogen atmosphere at 0.2 MPa at
various temperatures.

Dodecane evaporation from drop at d = 67um
—O—AG_=-20.5 kJ/mol (HF)

—@—AG_=-25.5 kd/mol (DFT)
——drop d=14.4 um, AG5=-2O.5 kJ/mol
—k—drop d=14.4 um, AGS=—25.5 kJ/mol

Experimental
—a— steady evaporation
evaporation from drops atd = 64 ym,_a

350 400 450 500 550 600 650
Temperature (K)

The rates of evaporation of n-dodecane droplets

with the initial diameters 14.4 and 67 um and at

two initial Gibbs free energies of solvation and
experimental data on dodecane evaporation [51]

The average kinetic energy of the translational
motion of the whole molecules (estimated as
Ey = 3kgT/2) in the temperature range 300-1200 K
(Ex=3.8-15.1kJ/mol) is smaller than the
interaction energy of molecules in the liquid state
at 300 K (AGs;=-25.5k)/mol, as predicted by
SMD/B3LYP/6-31G(d,p)). Therefore, the
evaporation of n-dodecane at 300-350 K is very
slow (Figs.2 and 3). However, heating of
nanodroplets at T >400 K (Figs. 1-5) leads to a
decrease in the interaction (potential) energy
between molecules and an increase in the average
kinetic energy of the molecules (vide infra).
Therefore, the probability that gas-phase molecules
will stick to droplets is expected to decrease with
increasing temperature due to two factors: increase
in the average kinetic energy of molecules and
decrease in the average interaction energy of the
molecules (the modulus of the potential energy
decreases). The molecule/nanodroplet scattering
and evaporation of molecules from nanodroplets
are determined by equilibrium conditions and the
weight and diameters of nanodroplets, but do not
depend on the Kinetic characteristics of attacking
molecules. However, the values and directions of
velocities of attacking molecules relative to
nanodroplet surfaces, as well as orientation of
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molecules at droplet surfaces, are expected to affect
the collision processes, leading to scattering or
condensation. Additionally, evaporative cooling
can reduce temperatures of nanodroplet surfaces
which can result in an increase in condensation of
molecules from the gas phase. This is consistent
with experimental data [51].

In our analysis so far, the results of interaction
of molecules with nanodroplets, determined by the
evaporation/condensation rate (Eq. (1)), were
obtained assuming the equilibrium state of the
system in which the collisions between molecules
and nanodroplets are described using the kinetic
gas theory, regardless of the nature of these
collisions. In what follows, the details of the
collision processes are investigated using the
dynamic reaction coordinate (DRC) method. The
DRC results can elucidate the interaction
mechanism of a molecule with cluster/nanodroplet
depending on the Kkinetic characteristics and
temperature of the system. These characteristics
refer to scattering or sticking of the molecules. In
the DRC calculations, the total kinetic energy is
partitioned into the kinetic energy of random
thermal bond vibrations and rotations and the
kinetic energy of the translational motion of the
whole molecules. In our analysis, the DRC method
was applied to study the dependence of
sticking/scattering of n-dodecane molecules on
their angles of attack, kinetic energy (temperature),
and cluster/nanodroplet size. The DRC calculations
were performed for molecules interacting with a
cluster (7 molecules) or a nanodroplet (64 or 128
molecules) of dodecane molecules (Figs. 6-8).

Figs.6 and 7 show that at large angles of
attack, a molecule is absorbed by a cluster or
nanodroplet even of relatively small size
(d=2-7 nm) if the kinetic energy is low and the
attacking molecule is not oriented exactly towards
one of the surface molecules (but rather between
neighbouring surface molecules) (Fig. 6b). At
®~1° (Fig.6a) an almost perfectly elastic
collision was observed if the molecule had
relatively high velocity (kinetic energy ~10 kJ/mol
or larger) and was oriented directly towards one of
the surface molecules.

In the DRC calculations (Figs. 6-8), the kinetic
energy of the molecules in the clusters or
nanodroplets was low and thermal vibrations and
bond rotations corresponded to 300400 K. At the
same time, the Kinetic energy of the attacking
molecule was high (its effective temperature was in
the range 500-1200 K).
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Angle ®=1° T=473K ——— 633K i
Heating due to collision 25attering

Accommodation

rr

T i

Fig. 6. Interaction of a dodecane molecule (hot, temperature ~1100 K) with a cluster of seven dodecane molecules

(initial temperature 473 K; it increases due to the interaction with a hot molecule) at the angles of attack ® ~ (a) 1,
(b) 60 and (c) 90°

Fig. 7. Interaction of a dodecane molecule (hot, temperature ~1100 K) with clusters (initial temperature ~473 K) of (a)
64 and (b) 128 dodecane molecules at the angle of attack ® ~ 90 °
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Changes in the Kinetic energy of the attacking dodecane molecule during its interaction with a nanodroplet of 64

dodecane molecules at various angles of attack: (a) 5, (b) 40, (c) 5, and (d) 45°, and various initial kinetic
energies: (a, b) 125.5, (c) 251, and (d) 1602 ki/mol (these kinetic energies correspond to the energies of both
translational motion and thermal vibrations or rotations)

At relatively low kinetic energies of attacking
molecules (T < 450 K), the sticking (condensation)
is expected to dominate over the scattering of
molecules (Fig. 8 a—), i.e., these molecules remain
on the droplet surface following collisions after a
certain time (3.7-45ps in Fig.8a=c). A
significant increase in the kinetic energy of the
attacking molecule after a minimum at 1.5-2 ps
(Fig. 8a—c) is related to reorganisation of the
nanodroplet after strong interaction with the
attacking molecule accompanied by a decrease in
its potential energy. An increase in the Kinetic
energy of the attacking molecules at the initial
stage of the interactions (curves in Fig. 8 a—c) is
related to the reduction of the potential energy of
the system when an attacking molecule approaches
the cluster/nanodroplet. Then the kinetic energy of
the attacking molecule decreases as it is transferred
into the potential energy of the molecules in the
cluster/nanodroplet.
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During the interaction of the high-energy
scattered molecule with the cluster/nanodroplet
(Fig. 8d), the kinetic energy of the system per
molecule, Ex=24.7 kl/mol (including both
translational  motion and  thermal  vib-
rations/rotations), was close to |AGso| = 25.5 kJ/mol
at 298 K or Q., = 26.6 kJ/mol at 610 K. The kinetic
energy of the system strongly decreases as the
kinetic energy of the attacking molecule is
transferred into the potential energy of the
nanodroplet. Note that the interaction of a “hot”
molecule (T>T,) with a *“cold” nanodroplet
(T<Ty) leads to a decrease in the molecule’s
energy and a corresponding increase in the
nanodroplet’s energy, and then to the situation
when the energies (temperatures) of both become
close. The use of nanodroplets at high temperatures
is restricted by their fast decomposition (Fig. 9).
The results of our calculations suggest that in the
case where the attacking molecule is parallel or
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almost parallel to the droplet surface, the
interaction between this molecule and the surface
molecules takes place with many CH groups.
Therefore, this interaction is expected to be
maximal; i.e. the potential energy can be minimal
at a certain distance between the molecule and the
surface. Then, with the molecule approaching the
surface, the potential energy grows strongly and the
kinetic energy of the molecule decreases. This
multi-centred interaction provides faster dissipation
of the excessive kinetic energy of a hot attacking
molecule in the droplet in comparison with a uni-
centred interaction (spear-type attack). Therefore,
the probability of an attacking molecule sticking to
the droplet is greater in the case of molecules
approaching parallel or almost parallel to the
droplet surface than for molecules attacking the
droplet surface at high attacking angles.

The process of the interaction between the
attacking molecules and nanodroplets (with the
initial geometry shown in Fig.9a), heated at
T =273, 373, 489.5, and 773 K for 5 ps, is shown
in Figs.9b—e. In all cases, the initial Kinetic
energies of attacking molecules are equal to those
of molecules in nanodroplets, and the nanodroplets

o

ﬂ?g‘;i
éi‘fu

o e
et
ke 4‘:% L
w %M

are located in free unbounded space. As follows
from Fig. 9 b, ¢, the nanodroplet structures remain
stable at 273 and 373 K according to MD/FF
(MM+) calculations. In these cases, relatively cool
attacking molecules are condensed at the
nanodroplet surface, i.e. the condensation
coefficient is close to unity. At n-dodecane boiling
temperature (489.5 K), the nanodroplet starts to
disintegrate into small clusters and individual
molecules (Fig.9d). This decomposition of the
nanodroplet into monomolecular and clustered
fragments becomes more intensive at 773K
(Fig. 9 e).

To model the behaviour of larger structures
and to analyse the evaporation process, a
nanodroplet is located in a box with periodic
boundary conditions at the sides of the box
(Fig. 9f). The MD/FF calculations of such an
dodecane system at 473 K show only slow removal
of individual molecules. This result indicates that
the condensation process can be less effective at T
close to the boiling temperature than at lower
temperatures. This corresponds to a decrease in the
value of the condensation coefficient.

Fig. 9. Interaction of a dodecane molecule with a nanodroplet of 64 Cy,: (a) initial geometry optimised with MM+; the
system is heated (MD/FF(MM+)) for 5 ps at (b) 273, (c) 373, (d) 489.5 (boiling temperature, Ty), (€) 773 K (with
the value of E of the attacking molecule corresponding to the temperature of the system) in an infinite space and
(f) in a box with periodic boundary conditions at the sides of the box, approximating a flat free surface at 473 K

for the heating period 3.5 ps
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Thus, the comparison of the mobility of
molecules in nanodroplets in free space (Fig. 9 a—)
and confined space (Fig.9f) shows that the
mobility of molecules is expected to reduce when
the size of droplets increases. We can anticipate
that the mechanisms of evaporation of large
droplets (microdroplets) and nanodroplets are
likely to involve rather different processes. In the
case of microdroplets, individual C,, molecules are
evaporated from their surfaces, while in the case on
nanodroplets, they are disintegrated into clusters
and individual molecules. This difference is
attributed to different numbers of neighbouring
molecules in  clusters, nanodroplets and
microdroplets, i.e. different numbers of
intermolecular bonds per molecule, which should
be broken to enable the removal (evaporation) of
these structures from the nano- and microdroplets.
As follows from our analysis, the accommodation
time for the dynamic (DRC) interaction of a hot
molecule (T >500 K) with a nanodroplet is rather
short. This time can be estimated using the Frenkel

formula [48,52] for accommodation time
(lifetime) of a molecule at a surface

T =1,eXp(E/KkT), (5)
where 1,~0.1-1.0ps (time of molecular

vibration), and E is the interaction energy.

The value of E can be estimated as E = Q, — Ej,
where Q, is the enthalpy of adsorption of a
molecule at a nanodroplet surface. If Q, = Ex in
Eqg. (5) then t ~ 10, but structures (Fig. 8 a—) are
characterized by t > 15 = 0.1-1.0 ps, i.e. Q, > Ey;
however, at T ~ 0.4 ps and Q, < Ei (Fig. 8 d). If we
assume that Q,~AG,, then at 420K,
AG; = 8.2 ki/mol, Ex = 5.2 ki/mol, and
1~0.24-2.4ps. If the accommodation time is
longer than 0.24-2.4ps at 420K, then we can
assume that a molecule is condensed at a
nanodroplet surface.

As follows from the above-mentioned results,
the condensation coefficient (i.e. the attachment of
attacking molecules to a droplet surface) is
expected to decrease with increasing temperatures
of attacking molecules due to the increasing
probability of scattering of attacking molecules at
the clusters’/nanodroplets’ surface. Also, the
lifetime of the “surface” molecules exponentially
decreases with temperature and the Gibbs free
energy of evaporation decreases when the
temperature of nanodroplets increases. These
processes make additional contributions to the

ISSN 2079-1704. X®TI712015. T. 6. Ne 1

15

reduction of the condensation/evaporation
coefficient with temperature. This decrease in the
evaporation coefficient agrees with the prediction
of the classical theory based on the MD
simulations of dodecane molecules [15, 16].

CONCLUSIONS

The evaporation/condensation processes in
molecular clusters and nanodroplets of n-alkane
molecules in the CgC,; range are investigated
using quantum chemical methods (SMD/HF or
SMD/B3LYP with the 6-31G(d,p) basis set).
These methods were used to estimate changes in
the Gibbs free energy during the transfer of a
molecule from a liquid medium (clusters or
nanodroplets) into the gas phase.

Evaporation rate (y) is analysed using the
above-mentioned quantum chemical solvation
model (SMD) and the Kkinetic gas theory, assuming
that the system is in a state of thermodynamic
equilibrium (evaporation and condensation rates
are equal). The evaporation rate is shown to
decrease with increasing cluster/nanodroplet
diameter and decreasing temperature. The relative
number of evaporated molecules, however, does
not depend on cluster/nanodroplet diameters, and
increases with increasing temperature. At certain
temperatures, the clusters/nanodroplets are
expected to fully evaporate. The relative number of
residual molecules in clusters/nanodroplets for n-
alkanes in the range Cg—C,7 is shown to increase
with temperature and the carbon numbers in the
molecules. Thus, the evaporation process of a
mixture of n-alkanes is expected to lead to
increased concentration of heavy n-alkanes in
droplets.

The details of the collision processes of
molecules with nanodroplets were investigated
using the DRC method. The DRC calculations
were performed for molecules interacting with a
cluster (7 molecules) or a nanodroplet (64 or 128
molecules) of dodecane molecules.

It is shown that at large angles of attack
(45-90 °), a molecule is absorbed by a cluster or
nanodroplet even of relatively small diameter
(d=2-7nm), if the kinetic energy is low
(corresponding to T <473 K) and the attacking
molecule is not headed directly toward one of the
surface molecules. The probability of the attacking
molecule sticking to a droplet is maximal if the
molecular plane is parallel or almost parallel to the
droplet surface as this corresponds to multipoint
interactions of relatively long dodecane molecule
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with the droplet surface. If the kinetic energy of the
attacking molecules is high (T >Ty) then it is
expected that it will scatter and be removed from
the  cluster/nanodroplet  surface.  Molecule-
nanodroplet interaction results (sticking or
scattering) depend on the kinetic energy
(temperature) and orientations of the attacking

evaporated from their surfaces, while in the case of
nanodroplets they can be disintegrated into clusters
and individual molecules. The decrease in the
evaporation/condensation coefficient with
temperature, predicted by our analysis, agrees with
the prediction of the classical theory based on the
MD simulations of n-dodecane molecules.

molecule and surface molecules.

It is shown that the mechanisms of evaporation
of microdroplets and nanodroplets are likely to
involve rather different processes. In the case of
microdroplets, individual C;, molecules are
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MopenoBaHHS BUNIAPOBYBAHHSA KJIACTEPIB i HAHOKPAIJIMH OPTraHiYHUX MOJIEKYJI
MeTOoJaMH KBAaHTOBOI XiMil Ta KiHeTHYHOI Teopii rasis

B.M. I'yabko0

Inemumym ximii nosepxni im. O.0. Yyiika Hayionanvroi axademii nayk Yrpainu
eyn. I'enepana Haymosa, 17, Kuis, 03164, Vipaina, vlad_gunko@ukr.net

IIsuoxicmo sunaposysanns (y) moaexyn N-amxanie 6 inmepeani Ce—Co7 3 Monekyisapnux xiacmepis i
HAHOKPANIUK RPOAHANI308AHO 3 BUKOPUCTHAHHAM K8AHMOBOXIMIUHOI conveamayiinoi modeni (SMD) i
KinemuyuHoi meopii 2aszié y npunywenni, wo cucmema nepebdysac 8 mepmoounamiunin pisnosasi (moomo
WBUOKOCMI BUNAPOBYB8AlHs Ma KOHOeHcayil 00HaxosL). Posmipu kpaniunok, cycmunu piout, enmanbniio
suUnapogysanHs ma einbHy enepeiio 1iooca pospaxosysanu npu 300-640 K. Keanmoeoximiuni pospaxynku
(memooamu SMD/HF a6o SMDI/B3LYP 3 6aszucom 6-31G(d,p)) suxopucmosysanu ons oyinku 3min
8inbHOI enepeii I'i6Oca npu nepenecenni monekynu 3 piokoeo cepedosuwa (Kiacmepu ma HAHOKPANIUHKUL)
y eazo8y ¢haszy. Kinemuurny meopito 2azie 6yi0 UKopucmano 0 OYiHKU W8UOKOCHI 3iIMKHEHH MOAEKYTL 3
KAACMEepAMU/HAHOKPANIUHKAMY Y 2a306itl ¢hazi. L1 weuoxicme 3anedcums 6i0 napyianbHO20 MUCKY,
memnepamypu, posmipie i macu MONeKyl ma KIACMepie/HAHOKPANIUHOK. 3POCMAHHA MOLEKYISAPHUX
PO3MIPI8 anNKaHie, WO BUNAPOBYIOMbCS, 3 OKIMAHY 00 2enmaKo3any npuzeooums 00 3HAUHO20 3MEHULeHHS
BEUYUHU Y.

Knrwowuoei cnoea. esunaposysanns KpaniuH —aiKkawie, elibHa enepeis 1i66ca, weuoxicme
BUNAPOBYBANHSL, KOEDIYICHM SUNAPOBYBAHHS, KEAHMOBOXIMIUHE MOOECNI0BAHHSL

MopaeapoBaHue HCHIAPEHUSA KJIACTEPOB U HAHOKAINEJIb OPraHUYeCcKHUX MOJIEKYJ MeTOAAMU
KBAHTOBOW XUMHMH U KHHETHYECKOM TEOPHHU ra3oB

B.M. I'yabkO

Unemumym xumuu nosepxnocmu um. A.A. Qyiiko Hayuonanenotl akademuu Hayx Yxpaunol
ya. enepana Haymosa, 17, Kues, 03164, Vikpauna, viad_gunko@ukr.net

Cropocmbo ucnapenus (y) monexyn N-amkanoe 6 unmepsane Cg—Cyr U3 MONEKVIAPHBIX KIACMEPOS U
HAHOKAnenb NPOAHAIUUPOBAHO C UCNONb30BAHUEM KBAHMOBOXUMUYECKOU CONbEAMAYUOHHOU MOOenu
(SMD) u kunemuueckou meopuu 2a3068 8 NHPEONONONCEHUU, HMO CUCMEMA HAXOOUMCS 8
MEPMOOUHAMUYECKOM pasHosecuu (m.e. cKOpOCmMuU uUCnapeHus u KOHOeHcayuu 00uHakoewl). Pazmepoi
Kanenex, nIOMHOCIU HCUOKOCMEN, SHMATbRUIO UCNAPeHUst U c80000HYI0 dHepeuio [ ubbca paccuumuoieéanu
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npu 300-640 K. Keanmosoxumuuecxue pacuemor (memooamu SMD/HF wmu SMD/B3LYP ¢ 6aszucom
6-31G(d,p)) ucnonvzosanu ona oyenxu usmenenuli ceoboonou snepeuu I'ubbca npu neperoce MoneKyiv
uz orcuokou cpeovl (knacmepvl u Hamokanau) 6 eazosyio gazy. Kunemuueckyro meopuio 2azos
UCNONIL306ANU OISl OYEHKU CKOPOCMU CMOJIKHOBEHUU MOJIeKY1—K1acmepoe/HaHOKanelb 6 2azoeol ¢hase.
Oma cxopocms 3a8ucum om NAPYUATLHO20 OAGLEHUs, MEMNepamypbl, pasmepos U MAaccbl MOIEKY1 U
KIAcmepos/HaHoKanenb. Yeenuuenue MONEKYIAPHbIX pA3MEPO8 UCNAPAEMbIX AIKAHO8 OM OKMAHA 00
2enmaKo3ana nPpUBOOUN K 3HAYUMENbHOMY YMEHbULEHUIO BETIUYUHDBL V.

10.

Knrwueswie cnosa. ucnapenue xaneib aikanos, c606oouas suepeuss 1ubbca, cxopocmv ucnapenusl,
KO huyuenm ucnapenust, KBAHMOBOXUMULECKOE MOOETUPOBAHUE
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