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The evaporation/condensation coefficient () and the evaporation rate (y) for n-dodecane vs. temper-
ature, gas pressure, gas and liquid density, and solvation effects at a droplet surface are analysed
using quantum chemical density functional theory calculations of several ensembles of conformers of
n-dodecane molecules in the gas phase (hybrid functional ®B97X-D with the cc-pVTZ and cc-pVDZ
basis sets) and in liquid phase (solvation method: SMD/wB97X-D). It is shown that 8 depends more
strongly on a number of neighbouring molecules interacting with an evaporating molecule at a droplet
surface (this number is estimated through changes in the surface Gibbs free energy of solvation) than
on pressure in the gas phase or conformerisation and cross-conformerisation of molecules in both
phases. Thus, temperature and the surrounding effects at droplet surfaces are the dominant factors
affecting the values of S for n-dodecane molecules. These values are shown to be similar (at reduced
temperatures 7/T. < 0.8) or slightly larger (at T/T. > 0.8) than the values of S calculated by the
molecular dynamics force fields (MD FF) methods. This endorses the reliability of the previously
developed classical approach to estimation of 8 by the MD FF methods, except at temperatures close
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to the critical temperature. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4905496]

I. INTRODUCTION

Processes of the evaporation of liquids and condensation
of vapours play important roles in nature, agriculture, industry,
and medicine.'® These processes have various features in
huge (e.g., oceans, seas, lakes, rivers, and soils) and relatively
small (sprays, diesel engines, and droplets sessile at a flat
surface or located in porous media) systems.*>° The evap-
oration/condensation processes depend strongly on ambient
conditions (temperature, pressure, free or restricted volumes
of liquid and gas, droplet sizes, gas flow rate, and level of
turbulence) and types of evaporating/condensing compounds
(sizes, structure, polarity of molecules, mixture composition
of liquids, and presence and type of solutes).>”'> The type
of compound determines the characteristics of intermolecular
interactions in liquids affecting the rates of evaporation and
condensation depending on a number of parameters, including
temperature, and total and partial gas (vapour) pressures.>>>~13
Our analysis is focused on n-alkane droplets with predom-
inant van-der-Waals (vdW) intermolecular interactions. The
approach developed in this paper, however, is relatively gen-
eral and can be applied to both small and large systems with
nonpolar or polar compounds since it is focused mainly on
the changes in the Gibbs free energy occurring due to transfer
of a molecule from a liquid surface to the gas phase during
evaporation and vice versa during condensation at various
temperatures and pressures.

The evaporation and condensation of droplets have been
studied using both experimental methods and theoretical

OE-mail address: S.Sazhin@brighton.ac.uk

0021-9606/2015/142(3)/034502/8/$30.00

142, 034502-1

modelling based on hydrodynamic and kinetic approaches.>!

Two parameters, the evaporation/condensation coefficient (53)
and the evaporation rate (y), have been used to describe these
processes. The evaporation rate, y, was considered in a number
of papers based on quantum chemical (QC) methods.**#! It
was studied for n-alkane molecules in the Cg-Cy; range for
molecular clusters and nanodroplets.*>*! The analysis was
based on the QC solvation method (SMD) and the kinetic gas
theory, assuming that the system is in a state of thermodynamic
equilibrium, i.e., the evaporation and condensation rates are
equal. The kinetic gas theory was applied to estimate the
collision rate of molecules/clusters/nanodroplets in the gas
phase. An increase in the molecular size of evaporating alkanes
resulted in a strong decrease in the values of 7y.

The evaporation/condensation coefficient, g, is particu-
larly important for kinetic modelling, where it is used for
formulation of the kinetic boundary conditions at the surface
of the droplet.®® There are several theoretical methods and
techniques used to estimate the values of S vs. temperature,
total and partial pressures, and liquid/gas/vapour composition.
In the molecular dynamics (MD) approach,®®3-37 interac-
tions between individual molecules are described by the non-
reactive or reactive force fields (FF) or quantum chemical
methods. Ab initio, density functional theory (DFT), and
semiempirical QC methods are used alongside MD, trajectory,
dynamic reaction coordinate, and other techniques.’®*! It
was shown that the QC ab initio and DFT methods with
appropriate basis sets lead to more accurate modelling of the
evaporation and condensation processes than semiempirical
or MD FF methods. However, QC ab initio and DFT methods
require much longer computation time for much smaller

©2015 AIP Publishing LLC
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droplets (clusters or nanodroplets) than MD FF. These two
approaches are essentially complementary and the comparison
between them can be used to justify the range of applicability
of classical MD FF.

The intermolecular bonds in droplets with nonpolar or
weakly polar organics (e.g., normal, iso- and cycloalkanes, and
aromatics) are of the vdW type*? characterised by relatively
weak short-range forces (permanent dipole-permanent dipole,
permanent dipole-induced dipole, and transitory dipole-
transitory dipole interactions) controlling the behaviour of
Lennard-Jones (LJ) fluids.**** The vdW type of intermolec-
ular interactions allow one to simplify the modelling using the
molecular mechanics (MM) and MD methods with various
vdW and LJ FE5%13-15 The models were applied to both
individual liquids and complex mixtures including a num-
ber of compounds which can be evaporated under various
conditions.**=! The reliability and the accuracy of MD FF
approaches to modelling the temperature/pressure behaviour
of liquid droplets and determination of the functions B(7T)
and y(T) under various conditions, however, still need to be
investigated. The present work is focused on the analysis of
B as a function of temperature, pressure, gas and liquid den-
sity, and surface surrounding effects, affecting the interaction
of evaporating molecules with neighbouring molecules. The
analysis is based on the transition state theory (TST) and
quantum chemical DFT methods applied to several ensem-
bles of conformers of n-dodecane molecules. In contrast to
the previous studies,®® in this paper, the TST is based on
a more accurate QC DFT approach taking into account the
conformerisation of n-dodecane molecules. As in the previous
studies (e.g., Ref. 41), n-dodecane is considered as a repre-
sentative of n-alkanes in diesel fuel. The results are compared
with the values of g previously computed using the MD FF
methods,6:813-15.36,37.52

IIl. COMPUTATION METHODS

QC calculations were carried out using the DFT method
with a hybrid functional ®B97X-D 337 (labelled as wB97XD
in Gaussian 09) and two (cc-pVTZ (larger) and cc-pVDZ
(smaller)) basis sets with the Gaussian 09 program suite.>
The geometry of n-dodecane conformers was optimised using
®wB97X-D/cc-pVTZ. All calculations were performed taking
into account zero-point and thermal (calculating vibrational
spectra) corrections to the Gibbs free energy of each conformer
of n-dodecane. The solvation effects for n-dodecane con-
formers in n-dodecane medium were analysed based on the
application of the SMD’® implemented in Gaussian 09. This
allowed us to compute the Gibbs free energy of solvation,
AG = G- G4, where Gy and G, are the Gibbs free energies
of a molecule in the liquid and gas media, respectively.

Functional wB97X-D, used in our analysis, introduces
empirical damped atom-pairwise dispersion terms into the
functional containing range-separated Hartree-Fock exchange
for improved description of the vdW interactions.’*” There-
fore, this functional was selected to obtain more adequate
results for n-dodecane conformers in the gas and liquid (SMD)
phases than those obtained previously using functional
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B3LYP.*** To analyse the basis set size effects, the calcula-
tions were carried out using cc-pVTZ and cc-pVDZ, providing
724 and 298 basis functions for an n-dodecane molecule,
respectively.

A batch of QC DFT calculations was carried out at various
temperatures. Also, the temperature effects were estimated
using QC results at 7p =298.15 K and certain temperature-
dependent corrections for AGiLo(T) = G4(T) — G(T) and
AGg(T) (see supplementary material®®).

For visualisation of the fields around molecules, the
TorchLite (version 10.3, 2014) program was used.’*% Al-
though all interactions at a molecular level are electrostatic in
origin, the whole electrostatic field surrounding the molecule
can be split into four types of interactions or fields, which
correspond to (i) predominantly hydrophobic interactions, (ii)
vdW attraction forces, and electrostatic fields dominated by
(iii) electropositive or (iv) electronegative atoms or ions. In
the field visualisation approach, each atom or group of atoms is
considered as a “field point” of one of these four types; all field
points give continuous fields.’** For n-alkanes, the first two
fields are the dominant. Visualisation of molecular structures
was also performed with the help of the ChemCraft (version
1.7/382) program.®!

Previous QC MD and dynamic reaction coordinate calcu-
lations showed***! that linear, flexible, and relatively long
(~1.6 nm) n-dodecane molecules can change their conforma-
tion in both liquid and gas phases, and these dynamic changes
increase and become faster at higher temperatures. Changes in
the conformer structures of n-alkanes can easily occur, espe-
cially at high temperatures, due to relatively low barriers to
the rotations of CH, groups around C—C bonds.**** This sug-
gests that the effects of both the conformerisation and cross-
conformerisation (changes in conformer state during transfer
into another phase) of n-dodecane molecules (CDM) should be
considered during calculations of 8 and y (see supplementary
material®®).

Several approaches to the definition of the evaporation/
condensation coefficient S were used (see supplementary
material). First, the averaged condensation coeflicient S,
which is close to the evaporation coefficient for the systems
in equilibrium or quasi-equilibrium state, can be estimated in
terms of thermodynamic potentials*>!

1- <ﬁg> =exp ( (AGV—>1>)
(Be) RT J°

where AG,_,; = G- G, is the difference between the Gibbs
free energies of molecules in a liquid and a vacuum, and
averaging is carried out following Egs. (S1) and (S2).%® The
values of (B¢(T")) can be corrected using averaged (over a set of
conformers) function a, obtained from the following equation:

€]

1«
{ag) _ p(<AGHV>)’ @

(g P\ TrT

where AGy,, is the change in the Gibbs free energy upon
transfer of a molecule from liquid state into a vacuum to form
the gas phase. The value of (@) should be subtracted from { 3,)
to consider the transfer between gas (instead of vacuum) and



034502-3 Gun’ko, Nasiri, and Sazhin

liquid phases in equilibrium (or quasi-equilibrium) state

(BA(T)) = Be(T)) = ag(T)). 3)

Note that AG|_,, > 0, while AG,_,; <0.
Alternative approaches to estimating the values of 3 using
the TST are based on the expressions’'

Byg=[1-(Vi/Ve)'’lexp(~AGey/RT), @)
Bv=1[1-(Vi/V)'*lexp{-0.5/[(Ve/V))'? =11}, (5)

where V| and V, are the specific volumes of the liquid and
gas phases, respectively. Subscript V indicates that the expres-
sion for B explicitly depends on the specific volumes. The
definitions of all constants and coefficients and more detailed
description of equations are given in the supplementary mate-
rial. Averaged (over a set of conformers) values of S ({)) are
also used later in the paper (see supplementary material>®).

The CDM eftects, which can contribute to the Gibbs free
energies of evaporation, AGe,(T'), and solvation, AG(T), were
analysed using the MSTor program®>%3 applied to n-dodecane
at 300-1200 K. Ninety five stable conformers (see Tables S1-
S3°%) were selected based on the changes in the Gibbs free
energy from 1000 conformers generated by ConfGen®? and
analysed using MSTor.®>%3 Note that the numbers referring to
conformers under consideration (see Table S1°%) are random
and do not depend on the value of G (see Tables S2 and S3°%).
This was done to obtain a relatively random set of conformers
at various N < 95 characterised by wide distributions of the
values of G. The details of calculations are given in supple-
mentary material.>®

lll. RESULTS AND DISCUSSION

There are several sets of factors, which are expected to
affect the evaporation/condensation processes of n-dodecane
droplets. First, these are those linked to structure, population,
and transformation of various conformers of n-dodecane in
the gas and liquid phases. Second, these are those due to
features of the surroundings of the molecules at the surface
and in the bulk of droplets and those related to orientation
of evaporating/condensing molecules and a number of neigh-
bouring molecules at the droplet surface. Third, these are
temperature, total and partial gas pressures, and liquid and
gas densities. Most of these factors will be analysed below
using the QC approaches enhanced by empirical or model
corrections.

The orientation of relatively long n-dodecane molecules
(e.g., unbent conformer S1 is approximately 1.6 nm long) at
the surfaces of droplets can affect the values of §. This orien-
tation affects a number of neighbours of an evaporating mole-
cule,**4! and, therefore, the energy which needs to be spent to
remove the molecule into the gas phase (or into the interfacial
layer) from the droplet surface. During condensation of n-
dodecane molecules, the orientation of attacking molecules
relative to the droplet surface and molecules at this surface
(see Fig. 1(a) and Fig. S1°8) can affect the accommodation
coefficient.*04!

The analysis of these effects within the scope of the TST
was based on consideration of corrected surface Gibbs free
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FIG. 1. (a) A nanodroplet (cluster) with 64 n-dodecane molecules used in
the MD modelling of heating at 293 K for 20 ps and then at 400 K for 20 ps
using MM + FF (VEGA ZZ% with NAMD®); ((b) and (c)) visualisation
of the vdW, hydrophobic (describing regions with high hydrophobicity), and
negative (due to positive charges on the H atoms) fields around the molecules
(calculated using TorchLite>%-%%) for (b) individual conformers (S1, S12, S90,
and S94) and for (c) conformers merged in dimers S1 and S12 and S90 and
S94.

energy of solvation wAG; at w < 1 instead of AG, (as ameasure
of AG.y) calculated for molecules in the bulk liquid. The
correction factor w in AGey = AG; = ~wAG, was used.*!
Parameter w < 1 takes into account that the number of neigh-
bours of an evaporating molecule at a surface is smaller than
in the bulk liquid. Using 3D models of droplets,***! one can
assume that the value of w can be smaller for bent conformers
and is expected to be in the range of 0.25-1. This effect was
analysed for several conformers located perpendicular (w =1,
the evaporating molecule is located completely inside the
droplet) or parallel (w ~ 5/8, the evaporating molecule is semi-
submerged in the surface layer of the droplet) to the surface of
the droplet (Fig. 2).

The MD FF approach can be used for modelling thermal
swelling and evaporation of an n-dodecane nanodroplet (see
Fig. 1(a) and Fig. S1°%). The results based on this approach, as
well as previous QC calculations,*>*! indicate the presence of
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FIG. 2. Condensation coefficient vs. temperature. (a) B, with two orienta-
tions of a molecule at the surface of a liquid n-dodecane droplet normal to
the surface (w = 1) or parallel to the surface (w = 5/ 8)4041 for conformers
S1, S2, S4, and S90. Ty is the temperature for both phases in QC calculations.
(b) Averaged () (symbols) and (Bv) (curves) with CDM at w = 0.25,
0.3333, 0.5, 0.625, 0.75, and 1 (arrows correspond to increased values of
w) and curves calculated based on arithmetic averaging (curves 1 and 2).
Calculations were carried out using ®B97X-D/cc-pVTZ and SMD/wB97X-
D/cc-pVTZ for (a) selected conformers and (b) a collection of selected 73
conformers (see Table $23%) at pressure of 0.35 MPa.

various orientations of the molecules at the surface, as well as
in the gas phase. Also, the molecules in both phases represent
an ensemble of various conformers (see Fig. 1(b) and Table
S1°8). Strongly bent molecules (e.g., conformers S90 and S94
(Fig. 1)) are characterised by vdW and negative fields, different
(especially around chain inflection) from those around linear
(S1) or slightly bent (S12) ones (Figs. 1(b) and 1(c)). The
former are characterised by higher values of the Gibbs free
energy G (see Tables S2 and S3) than the latter. Small patches
of negative fields (Figs. 1(b) and 1(c)) are attributed to positive
charges on the H atoms (small negative charges are on the C
atoms). These charges on the H atoms around the bent frag-
ment increase from 0.08-0.09 a.u.in S1t0 0.11-0.12 a.u. in S90
or S94. Note that solvation in the n-dodecane medium results
in a small increase in the atom charges in n-dodecane con-
formers. The changes in the fields around strongly bent con-
formers (Figs. 1(b) and 1(c)) can affect intermolecular interac-
tions (Fig. 1(c)), and, therefore, the evaporation/condensation
processes for various conformers.

At w =1 (i.e., an evaporating molecule is completely
imbedded into the droplet), the process is characterised by
greater values of B, (and smaller values of ) in comparison
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with a molecule drifting parallel to the surface (Fig. 2(a)). The
values of (Bv) and (B,) decrease (by two times or more at
T /T, =0.6-0.8) with decreasing values of w from 1 to 1/2-1/4
(Fig. 2(b)). However, at higher temperatures (7'/T, > 0.85), this
effect is less visible. In our calculations, w = 5/8 is used as an
average value for surface molecules, since the curves averaged
by w (Fig. 2(b), curves 1 and 2) are located close to the
corresponding curves calculated at w = 5/8. Thus, molecules
with bent chains and upright portions above the droplet surface
plane can be more easily evaporated due to smaller contact
area with neighbouring molecules, despite slightly increased
polarisation of the bent chain (Fig. 1). This is one of the reasons
for enhancement of the evaporation rate and reduction of the
values of 8 due to the CDM effects. It should be noted that a
sample ensemble with 73 conformers (used in the calculations
with cc-pVTZ, Fig. 2(b)) is sufficiently wide to study the CDM
effects (vide infra).

Molecules located in the interfacial layer outside the
liquid droplet (see Figs. S1(b)-S1(e) in supplementary mate-
rial®®) undergo weak intermolecular interactions with mole-
cules at the droplet surface. The difference in the Gibbs free
energies of molecules in the gas phase and the interfacial layer
is much smaller than that for the molecules in the gas and liquid
phases. Therefore, it is not easy to estimate the values of S for
transfer of the molecules between the interfacial layer and the
gas phase in terms of the changes in the Gibbs free energy (the
value of w should be very small, <0.1, for the interfacial layer).
This could be done within the QC MD modelling,***!' and is
not studied in our paper.

Note that the formation of vapour bubbles inside bulk
liquid at T > T}, ~ 489.5 K (boiling point of n-dodecane) can
enhance the evaporation process. The value of w for molecules
evaporated into the bubbles can be greater than that for the
molecules evaporated from the outer surface of droplets due
to different signs of the surface curvature in these two cases.
Therefore, the evaporation from the outer surface of droplets
is faster than that into the bubbles. The bubble formation and
the contribution of the interfacial layer are not studied in our
paper.

Also, the values of 8 depend on the CDM in both phases
and the details of the process of transfer between these phases.
If the evaporation occurs without changes in the conformer
structure, the orientation effects at the surface are predominant
(Fig. 2(a)).*>* If CDM occurs during the transfer process, the
value of S is lower for condensed conformers having higher
Gibbs free energy in the gas phase than in the liquid phase. For
example, the value of S, is lower for S1, — S4; transfer (see
Fig. 2(a), curve 7) than that for S4, — S1, transfer (see Fig.
2(a), curve 8) as S1 is a more stable conformer than S4 in both
phases (see Tables S2 and S3°%). The values of Tj (298.15 or
450.0 K) for both phases in QC calculations of the Gibbs free
energy weakly affect the values of S, calculated with correc-
tions described by Eq. (S4)® (see Fig. 2(a), curves 1 and 2 or
5 and 6). Therefore, the main part of the QC calculations was
performed at 7p =298.15 K with the temperature corrections
based on Eq. (S4).8

The density distribution functions of the changes in the
Gibbs free energy during transfer of conformers between the
gas and liquid phases or for CDM in the same phase (Fig. 3)
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FIG. 3. The Gibbs free energy distribution functions, f(AG) for conformeri-
sation during the transfer between phases AGy) and AG|—,g or in the same
phase (AGg¢_g (solid curves) and AG_;; (dashed and dotted-dashed curves)
(2)) are calculated from Eq. (6) at o = 0.5 kJ/mol for 73 conformers (see
Table S2°%) with the cc-pVTZ basis set (lower curves) and 95 conformers
with the cc-pVDZ basis set (upper curves).

can be calculated using the following equation:®

N
F(8G) = (2ra?) 02 ) expl~(AGi=AG/207), (6)
i=1
where o is the distribution variance.

This function for a smaller ensemble (73 conformers,
calculated using cc-pVTZ) has a shape similar to that for a
larger ensemble of 95 conformers (cc-pVDZ) (see Fig. 3).
However, the latter is characterised by higher peaks due to
the larger number of samples in the ensemble. Therefore, the

(a) 1.0+
0.9
0.8
0.7 1

0.6
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calculations with the larger basis set (cc-pVTZ) were carried
out for a smaller ensemble of the conformers than which was
used in the calculations with the cc-pVDZ basis set.

As mentioned above, pressure in the gas phase affects the
value of S. According to QC calculations, using Egs. (S7)
and (S11)°® and CDM, the average values (v} increase with
increasing pressure (see Fig. 4(a)). The effects of temperature
on (By) at a constant pressure (volume of the gas phase in-
creases with 7') and at p ~ T (due to restricted volume of the
gas phase) are small. These effects are of the same order of
magnitude as those due to CDM.

The effects of the basis sets used (cc-pVTZ or cc-pVDZ)
and the number of conformers in the ensembles (73 or 95
conformers) on the values of S are small (Figs. 4(b) and
S2). Therefore, calculations of B for all 95 conformers were
carried out only with the smaller cc-pVDZ basis set, and the
larger cc-pVTZ basis set was used for a smaller number of
conformers but this set included the conformers with both min-
imal and maximal values of G in both phases (see Tables S2
and S3%8).

The difference between the values of (By) and (Sa) can
be larger (Fig. 4(b)) than the one which can be attributed to
ignoring changes in the n-dodecane density in the gas phase
(affecting AG) in calculations of the values of (54). In contrast
to the calculations of (3,), the values of (By) were computed
taking into account changes in the density in both phases with
temperature which strongly affected the exponential part in Eq.
(S8).%8 The application of Eq. (S7)® with the exponential part
ignoring changes in the density of n-dodecane in the gas phase
gives values of (,BV,g> close to < ,Bg> (Fig. 4(c)). Thus, ignoring
the temperature dependence of the n-dodecane density in the
gas phase on calculation of the values of (8,) with CDM, as
well as fixing gas pressure used in calculations of the values
of (Bv) with CDM, can lead to overestimation of the values

FIG. 4. (a) Effects of pressure (0.1,
0.35, 1, 3.5, and 10 MPa) in the
gas phase on the average values
of the evaporation/condensation coeffi-
cient ({Bv)); (b) (Bv) (lower curves)
and (Ba) (upper curves) for 73 (curves
1 and 3) and 95 (curves 2 and 4)
conformers calculated using cc-pVTZ
and cc-pVDZ, respectively; (c) (Bv),
(Bvie)s (Ba) and (Bg); and (d) (Be)

(curve 1) without correction using Eq.

0.3 : . . T .
05 06 07__08 09 1.0
TIT,

1.04 Without correction using Eq.(S4)

d - T 1

0.9

0.8

0.7

With corrections
0.6 using Eq.(S4) and CD)|
2= = <B\>
0.543——=<p>

without CMD

0.4 4----S1 > 81,
5—— 890, >S90,

0.3 T T T
0.5 0.6 0.7 0.8 0.9 1.0

T/T T/T

[ c

(S4),%% (Ba) (curve 2) with correc-
tions taking into account the depen-
dence of the vaporisation enthalpy of
n-dodecane on temperature and orien-
tation of molecules at a surface of lig-
uid n-dodecane (AGy1 = 5/8 AGs
at 298.15 K), (Bv) (curve 3), curves 4
and 5 refer to corrected S5, but with-
out CDM, for transfers of conform-
ers S1 and S90, respectively. Selected
73 conformers in Figures (a)-(d) (see
Table S23%) calculated with cc-pVTZ
by ®B97X-D and SMD/wB97X-D and
95 conformers in Figure (b) (see Ta-
ble S3°%) were calculated with the cc-
pVDZ basis set at (a) various pressures
or (b)-(d) 0.35 MPa.
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of {Ba) and underestimation of the values of (By) since, in
the restricted volume, pressure increases with temperature (see
Eq. (S9)°®). This leads to the corresponding increase in {Sy)
(Fig. 4(a)).

Analysing the influences of temperature, pressure, and
gas/liquid density on 3, one can anticipate that the application
of Eq. (S4)°® can give better results than direct calculations
of the Gibbs free energy of evaporation AGe(T) = —-AG(T)
based on the SMD method to calculate AG(T') at 0.45 <T/T,
< 1.0.4941 The reasons for overestimation of —~AG(T') in direct
SMD calculations at 7 > 300 K can be linked to underestima-
tion of a decrease in the liquid density with temperature. This
can affect some physical characteristics, including permittivity
and polarisability, and cause reduction of short-range inter-
molecular vdW and other interactions. The latter are related
to increased average distances between molecules. This leads
to overestimation of the values of 8 (Fig. 4(d), curve 1) in
comparison with the corrected values of (8,) (Fig. 4(d), curve
2), and this difference increases with temperature.

The effect of CDM on the evaporation/condensation pro-
cesses can be seen from the comparison of (S8,) with CDM
correction (Fig. 4(d), curve 2) and 5 without CDM correction
(see Fig. 4(d), curves 4 and 5). Close results (Fig. 4(d), curves
4 and 5) observed for S1, — S1;(S1 with the ideal linear struc-
ture has low Gibbs free energy) and S90, — S90; (S90 with a
strongly bent structure, see Fig. 1(b) and Table S1,°® has high
Gibbs free energy, see Tables S2 and S3°%) can be explained by
similar solvation effects for these conformers. This closeness
leads to closeness in the changes in the Gibbs free energy
during evaporation/condensation and solvation processes (Fig.
3). Thus, the evaporation/condensation process is expected to
be affected by the transformation of conformers. This effect
can be related to the fact that the difference in the Gibbs free
energy for various conformers in the gas and liquid phases
can be smaller than that for the same conformers in these
two phases. As follows from our analysis, (Bv) < (Ba) in
a wide temperature range (see Fig. 4(d), curves 2 and 3).
Note that the changes in the gas phase density vs. T and p
were taken into account in calculations of {3y) but not those
of {(Ba)-

MD simulations with various potentials and approaches
used to compute 3'**> give smaller values than ( ,8g> and (Sa)
obtained using QC taking into account the CDM, especially
at T/T. > 0.7 (Fig. 5). This can be related to the underestima-
tion of intermolecular interactions in the liquid n-dodecane,
described by the MD FF, and in the gas phase, described
by QC, at high temperatures (Fig. 5). The values of (Byv),
computed using QC (TST), taking into account the CDM and
changes in the gas phase density, are closer to {(84) than those
computed using the MD FF for structureless LJ fluids and
those computed based on a simplified model of an n-dodecane
molecule (including united atom model). The values of (Bv)
are slightly larger than the latter only at 7/7, > 0.75 due to
underestimation of intermolecular interactions in the gas phase
at high temperatures by MD FF.

AG)_,, (estimated at Ty =298.15 K in Eq. (S4)*®), corre-
sponding to the process S90; — S1, (see Tables S2 and $3%%),
makes a relatively small contribution to the evaporation of n-
dodecane since conformer S90 has AG; higher than that of S1

J. Chem. Phys. 142, 034502 (2015)

1.0 4
091
081
071
061
051
041

0.3+

0.5 0.6 0.7 0.8 0.9 1.0
T/T
[

FIG. 5. Comparison of the values of the evaporation coefficient, predicted
by MD FF (symbols 1-4, curves 5-8) and QC (curves 9-12) models. Sym-
bols (1-4) refer to the models for structureless LJ fluids with various input
parameters,52 curves 5 and 7 refer to the results obtained based on the united
atom model reported in Ref. 13 and in Ref. 14, respectively, curve 6 refers to
the results of calculations based on the TST model reproduced from Ref. 13,
curve 8 is based on the results of calculations using the model described by
Mizuguchi et al.? The following QC processes were considered: $90; — Slg
(curve 9) with AG|g = 3.3 kJ/mol at Ty = 298.15 K. Also the curves
calculated based on the averaging of the contributions of 73 conformers (see
Table S2°%) for (By) (curve 10), (Ba) (curve 11), and <,8g> (curve 12) at
0.35 MPa and w = 5/8 are presented. QC calculations were performed using
wB97X-D/cc-pVTZ and SMD/wB97X-D/cc-pVTZ.

by 23.7 kJ/mol. Therefore, the population of S90 conformers
in liquid and gaseous n-dodecane is expected to be small. The
same conclusion applies to other conformers with high Gibbs
free energy (Fig. 3). The values of <AG]_>g) for all possible
transfers for all conformers under consideration are greater
than those for S90; — S1,. The values of (B,) and (Ba) at
T/T. > 0.65 are greater than (Sy) or those calculated using the
MD FF methods (Fig. 5(a)).5%!4

The CDM effect on 8 decreases with increasing tempera-
ture (Fig. 5). The CDM effects on the changes in the values of
B are similar to those due to pressure (Fig. 4(a)). However, at
temperatures close to T, the pressure effects are stronger than
those of the CDM.

A decrease in the intermolecular vdW interaction energy
with temperature due to reduction of the liquid density results
in a decrease in the values of B. The increase in the vdW
interaction energy (related to the size of evaporated molecules
or increase in the number of neighbours, see Fig. 2(b)) leads to
a decrease in the values of y.*%#! Similar results were obtained
for evaporating dimers*!' and trimers of molecules. The CDM
effects leading to decreasing in S (see Figs. 4 and 5) cause
increasing in the evaporation rate (Fig. 6, curve 2) and decreas-
ing in the evaporation time (Fig. 6, curve 4) in comparison
with those computed without consideration of the CDM effects
(see Fig. 6, curves 1 and 3). These effects are attributed to
reduction in the interactions of the evaporating molecules with
neighbours and favourable changes in the Gibbs free energy of
evaporation of certain conformers during their transfer into the
gas phase.
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FIG. 6. Comparison of the evaporation rate y (curves 1 and 2) and evapo-
ration time (curves 3 and 4) of an n-dodecane microdroplet (droplet radius
2.65 um with number of molecules 1.46 x 108 and pressure 3.5 MPa) not
taking CDM into account (curves 1 and 3) and taking CDM into account
(curves 2 and 4). Seventy-three conformers (see Table S2°8) calculated using
wB97X-D/cc-pVTZ and SMD/wB97X-D/cc-pVTZ were studied.

IV. CONCLUSION

The conformation-dependent evaporation/condensation
processes of n-dodecane have been studied using quantum
chemical DFT (functional ®B97X-D with the cc-pVTZ and
cc-pVDZ basis sets) and SMD methods. Zero-point and ther-
mal corrections to the Gibbs free energy in the gas phase
and additional solvation terms for the molecules in the liquid
phase have been taken into account. The geometry of 95
conformers has been optimised using wB97X-D/cc-pVTZ.
The TST has been applied to estimate the values of the evap-
oration/condensation coefficient. It is shown that the effects
of conformerisation/cross-conformerisation and changes in
the surroundings (number of adjacent molecules at a droplet
surface) of evaporating molecules, as well as temperature,
pressure, and gas and liquid density, play important roles in
the evaporation/condensation processes of n-dodecane. The
range of changes in the Gibbs free energy of small ensembles
of selected conformers is shown to be more important than
the numbers of conformers in the ensembles. This allows us
to focus our analysis on only two conformers with maximal
and minimal values of G in both phases. The predicted values
of Bvs. temperature are expected to be close to those in-
ferred from the analysis of all 95 conformers. Changes in the
interactions of evaporating molecules with the surroundings
in the surface layer of a droplet are shown to affect § more
strongly than the conformerisation and cross-conformerisation
of the molecules in the gas and liquid phases or pressure in the
gas phase. Also, the CDM effects are shown to be maximal
at T/T, = 0.6-0.7 and decrease with decreasing or increasing
temperatures. They become negligible at 7'/T. < 0.55 or T/T.
close to 1.

To enhance the reliability of the approach developed in
our study, corrections to be applied in the analysis of the
changes in the Gibbs free energy of evaporating/condensing

J. Chem. Phys. 142, 034502 (2015)

molecules are suggested. These corrections are based on (i) the
tabulated (experimental) data for the temperature dependence
of the evaporation enthalpy and the density of the gas and
liquid phases of n-dodecane and (ii) the differences in the
surroundings of molecules at a droplet surface and in bulk
liquid. The approach developed in our paper gives values of 3
which are close to S calculated for structureless LJ fluids and
to B calculated for n-dodecane using MD FF methods, except
at temperatures close to the critical temperatures.
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