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In a recent papelM. D’'Alessandro, M. D’Abramo, G. Brancato, A. Di Nola, and A. Amadei, J.
Phys. Chem. BLO6, 11843(2002] we showed how to combine molecular dynamics simulations
with the quasi-Gaussian entropy theory, in order to model the statistical mechanics and
thermodynamics of ioni¢waten solutions. In this paper we extend the method to treat nonspherical
solutes, describe more thoroughly its theoretical basis and apply it to a set of more complex solute
molecules in watefi.e., water, methane, ethane, methanol, and ethaR&sults show that this
approach can really provide an excellent theoretical description of solute—solvent systems over a
wide range of temperatures. @004 American Institute of Physic§DOI: 10.1063/1.1647530

I. INTRODUCTION clarifying some relevant derivationgproviding a better
physical understandingand extending the theory further to

The use of molecular simulations for evaluating the statreat nonspherical solutes. In Sec. IV we test the accuracy

tistical mechanics and thermodynamics of liquids is a chaland applicability of our approach using, as solutes in water, a

lenge for theoretical and computational physical chemistry-water molecule and four different types of molecules: meth-

chemical physics. Usual computational metho@s.g., ane, ethane, methanot, and ethanol. Finally we summarize

particle insertion, thermodynamic integration, g@though  the results obtained in Sec. V.

in principle able to provide, for a given Hamiltonian, the

“exact” thermodynamics, can be severely affected by their

slow convergence and, due to the high computational cost$; THEORY

are typically limited to the evaluation of the excess chemical In this section we describe in details the derivations of

potentlal at a few stqte pomtg Hence, .'t would be. of grea'Ehe QGE theory for treating partial molecular properties and
Importance in theoretical phys_lcal chemistry—chemical physz, oo mpine this theory with molecular simulation data. We
ics the use of a largely analytical method, based on a Souné?ssentially follow the derivations of the previous papeith

theory, providing the thermodynamics of simulated liquid some relevant extensions and change of notation. Note also
mixtures and solutions at relatively low computational COStSthat in some equations of the previous paper a few typing
regardless of the complexity of the molecules involved. In 3 rors occurred

recent paper we extended the quasi-Gaussian entropy For a fluid state system dfl solute molecules at high

(QG!E) theory, in combma}nqn with molecular S|mulat_|ons, to.dilution, the canonical partition function can be expressed
obtain a complete description of the thermodynamics of di-_ 2,3

lute ionic solutions. In that paper we showed that this theo-

retical approach was very efficient for the ionic solutions, but . (8m°NV)N
we did not address its applicability and accuracy for treating~ N!
more complex or apolar solutes. Therefore in this paper we
optimize and extend the proposed method to treat nonspheri-
cal solutes, investigating its applicability and accuracy for
polar and apolar molecules. Moreover, using a water mol-
ecule as solute in water and comparing its partial molar prop- 8mVO
erties with those obtained from the molecular properties of — -1
(simulated pure liquid water, we evaluate directly the con-

sistency of the method. The paper is organized as follows. In @
Sec. Il we describe the theoretical basis of our approackvherel( is the excess enerdpasically the potential energy
including the quantum vibrational ground state engmjya
aAuthor to whom correspondence should be addressed. F@a-6-  Subsystem made afs solvent molecules and a single solute
72594328; electronic mail: andrea.amadei@uniroma2.it molecule with fixed rototranslational coordinates, the
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generalized interngclassical coordinates of the single sol- solute molecule andg solvent ones(thermodynamic el-
ute molecule and the (classical coordinates of theg sol-  ementary systejnThe ensemble averages in E§) can also
vent molecules within the solute molecular voluigi.e.,  be expressed as

the integration limits are defined by.~Moreoverﬁ1j is the

mass tensor of thigh solvent moleculeM the mass tensor of (e*ﬁu')ref:f prefU e B dit (7)
the solute(expressed in the basis set which makes it inde-

pendent of the center of mass position and Eulerian apgles , ,

and® a temperature dependent factor including the quantum  (€%/)= f p(U' )P du, (8)

corrections’ S
where p,(U'), p(ld') are the probability distribution func-

(2k T)ld+d9/2Qam tions of the excess enerdy’ in the reference and actual
= RO 9914 ) (14 vo)Ts 2 conditions, respectively, for the elementary system. The use
Ns: (1 7)1+ ) of pres OF p is fully equivalent and, for a given model distri-

with 1+ y and 1+ v, the symmetry coefficients for the solute bution, éhfoy provide |dent|ca'l results. We shqwed in previous
and the solvent respectivelyandd, the number of classical Papers°~*°that one of the simplest distribution, the gamma
degrees of freedom in the solute ang solvent molecules dlstr|but|on,_y_|elds a fully physmally_a(_:ceptable the_oretlcal
and Q7 the quantum vibrational partition function, as de- model prowdl_ng an excell_ent description of the fluid state
fined in previous paper¥ for the molecules within the sol- thérmodynamics over a wide range of temperature and den-
ute molecular volume/ (note that in this partition function Sity: including solute—solvent systems. We can rewrite the
the quantum energy also involves the reference electronig*cess free energy of the elementary system as

ground state energyFinally the star denotes an integration A'(T)=nal+a’, 9)
only over the accessible configurational space within the sol-

ute molecular volume antl is the Planck’s constant. Note Whereag is the partial molecular excegsielmholt free
that we used the approximatiod! =e NNN. Defining as energy of the solvent and cleardy is the partial molecular
reference condition the system at the same temperature agfcessHelmholt free energy of the solute. It is worth not-

density but without excess energy and hence without anjnd that solvent and solute partial molecular excess free en-
unaccessible configuration, with partition function ergies are obtained at fixed pressprer the actual fluid and

not in general at fixed pressure for the reference state. This is
s Ty because the reference state is defined with the same volume
f Hl (detin;) A detM ) /xdx;,dx and molecules number of the actual condition. Hence, defin-
2 ing with n the number of solute molecules in the elementary
872V Ns _ ~ N system, which can be considered a continuous variable as the
) H (detmj)llz(detM)llZdXindX) (3  elementary system still contains a huge number of solvent
€ = molecules, we have

(82N V)N N

Qrer= T

we can express the excgstelmholt? free energy per solute EIN JA A of
molecule a%® ag= g ) =((9—) —( p )
Ns p.T,n Ns p,T,n Ns p.T,n
A’:A_Aref:w _(ﬁA) +(¢9A) .
Bl N s
INs V,T,n v ng,T,n
"o AU (detim)Y2(detM)¥2dx, dx
=—kTIn d E— ]:1(~ 1/12) (~ 1/2) 'n _(&Afef) _(%) v
) Hj:l(detmj) (detM)~“dx;,dx ang vin IV o s
—kTIn 4 ’ ’
€ @ =MHs— P Us, (10
=—kTIn(e ) o~ kTIne=kTIn(e’)~kTIne, (5 aA/) (aA) (aA,ef)
a'=|— === -
wheree is the fraction of available configurational spfice N otng VM prn, VN o,

I (detM) YT | (detfiy) Y2dxidx
€= ~ .
f(detM )1’2Hj”jl(detﬁqj)1’2dxindx

(&A) N ( &A)

- 7 v

(6) an V,T,ng N ng,T,n

: - : A et A et

The entropic term due to a possible confinement of the sys- — e — e v

tem in configurational spack|n e, is usually associated with anJy N | 1a
hard-body excluded volurfieand for molecules with a .

simple geometry can be obtained in principle by hard body =p P, (11
equations of state. Note that the last equations means that the

statistical mechanics and thermodynamics of the whole sys- US:(

tem are fully determined by the subsystem including a single

av) 12
ang o T ’
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Y a’'=A"—nga,
U= (7_I’l f (13)
B
=|— - v=uj—cC
/ an NV o~ “vo'o
Ms= Ms™ Mrefss (14 V,T.ng ng,T,n
M= et (15) —kTlIne, (23
P'=P— Pref; (16 where

wherep,¢s is the pressure in the reference statendv g the

partial molecular volumes of the solute and solvent in the ) )
actual fluid(which are in general different from the ones in Up=Uo—ns
the reference stateandu, w.f the chemical potentials in the

actual fluid and in the reference condition, respectively. At U’ U’
. _— ; ; 0 0
high dilution the solvent partial molecular properties and all =|— - v,
: : . . : : : an Vv
the intensive thermodynamic properties are virtually identi- Ving Ng.n

cal to the pure solvent ondbence independent of the sol-

ute), and so their derivatives in the solvent molecular num-

ber, at fixed pressure, must be virtually zero. Assuming that  ¢,,=C\,—ns
A’ can be well modeled by a single gamma sfatee have

an MY Us
S /Vn ng.n

an VA A
1 \Z s Ng»
A(T)= 5+ —In{1-&(T)}, (18
0
070 o= dlne N dlne
T.5 ne=Ine—ng Us
(M=o, (19 MNs Jyn VNV Jon
T(1—6p)+Todo
. ) dlne dlne
with Ug=U’(T,) andCy,,=C\(Ty) the excess internal en- =\ =5 ey v,
ergy and heat capacity of the elementary system at the refer- V,ng ng.n

ence temperatur€,, kIn e the entropy term due to configu-
rational confinement, andj, a dimensionless intensive are temperature independéasu, v are temperature inde-
property independent of the temperature, that in our casgendenit and then at every temperature correspond to the
(high dilution) is determined by the solvent. The gamma partial molecular excess internal energyand heat capacity
state expressiofisvould then provide any thermodynamic cly, evaluated at the reference temperatufg, and
property of the elementary system and hence of the whole-kTIn'e to the partial molecular excess free energy due to
macroscopic system. Using the fact th@t\(dns),1,=0  the confinement. Therefore Eq(23) also implies
(high solute dilution, we then obtain (9Aldn), 10 =0. Using general thermodynamic relations,
aA IA FEN 98, the gamma state expressions for the various thermodynamic
(ﬁ) =(5) (W) +(W) vs|=0 (20 properties anq the fact that the partial mplecular volqmes are
$'p.Tin o't $vin n.ng temperature independent, we can obtain any possible ther-
modynamic property at high dilution, e.qg.,

and hence

e (069! dNg)y n (21) (0U,) (&U,> (&U')

= —_ _— =| — — | U
(550/5V)n'ns an V'ns'T an p,ns,T {?V n,ns,T

(‘950/‘9ns)Vn &ﬁ '
f— _ = _— M
=V SV G (22) :( o (24)
V,n,ns

These last equations clearly show that both the solvent and

solute partial molecular volumes are, along the isochoregr the partial molecular internal energy and heat capacity
temperature independent. This result points out a specifig|,

feature of the gamma state model at high solute dilution. It is

worth noting that the use of the more complex multi gamma U’ Jpa’

state model, introduced in previous paférs-and based on u' = (—) =|—

the partition of phase space into a set of gamma state re- an p.ng, T P v,n,ng

gions, may provide temperature dependent partial molecular ,
volumes. Subtracting the solvent partial excess free energy —Ul+(T—T,) CvoTo

from Eq. (17), we readily obtain 0 T(1=38q)+ 3 To’

Downloaded 01 Jun 2004 to 151.100.52.54. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 120, No. 11, 15 March 2004 Quasi-Gaussian entropy of solutions 5229

! !

o[ [

Vol an aT
p.ng, T

At
=Cvo

previous papérwe used the Lebowitz equation of state for

hard sphere mixturésto obtain the hard sphere radius of the
Vinng solute once the partial molecular volume is known. In this

T 2 paper we utilize a more recent and accurate hard sphere mix-

9 ture equation of statéBMCSL)*3~1° for spherical-like sol-
T(1=380)+ 3oTo utes and the recent hard chain equation of sta@SPT°
The previous general equations are very suited to be used ta treat homoatomic linear chain solut&&C-SPT deals with
combination with simulation data. In fact, E() states that linear chains each made of identical bead3MCSL has
we can obtain the whole thermodynamics of a solute—solverfieen systematically tested in a rather large density range,
system, at high solute dilution, only using information from including the solute infinite dilution where it provides an
simulations of a single solute molecule embedded in the solexcellent agreement witiiMonte Carlg simulation data.
vent. Assuming a gamma state behavior for the solute-Lebowitz’s equation of state seems to overestimate the hard
solvent system as well as for the pure solvent, we can pasphere radius of the solute and has been tested in a limited
rametrize the corresponding gamma state models fitting theange of density not including the solute infinite dilution.
average excesspotentia) energies in temperatufeand  This makes BMCSL really more reliable when dealing with
hence obtain the solute excess chemical potential, excludingrge spherical solutes at low dilution. In the case of non-

the confinement contribution spherical molecules it is obvious that any hard sphere equa-
py I tion of state would be inaccurate and SC-SPT seems one of

pr=p kT n 6) :( =AA*, (25) the most religble equation of state fo_r hgrd chain mixtures,

an |, N Jytn although applicable only to homoatomic linear solutes. Other

° types of nonspherical solutes would require different, and

A*=A"+kTIne, (260 probably more complex, hard body equations of state and so,

whereAA* is the difference between the excess Helmholtzin this paper, we model their confinement properties simply

free energies without the confinement terfoenfined ideal using at a single temperature thermodynamic integration data

reduced Helmholtz free enefjyof the solute-solvent system (vide infra). Note that the confinement properties of the sol-

and of the pure solvent one, at fixed volume. Note that fron€Nt are obtained using the homogeneus Carnahan-Starling

: 7
the previous equations, considering tkds temperature in- ard sphere equation of st&¥ The solvent hard sphere

dependent, we hau(Bu')=A(Bu*). The confinement term radius is evaluated using the Carnahan-Starling model to

(91n en),,, is determined by the unaccessible phase spac@escribe the confinement part of the excess presSigg
$S h§T) obtained by the pure solvent simulations. From &4)

! . . . we can evaluate the free energy confinement terkTIn e
unaccessible configurations should be characterized by aQ—kT(aln o), . via
infinite energy or at least should be separated by the others €Mpng

by an infinite energy barrier. In practice a confinement be-

- . . dlne dine

havior is found also in systems where no unaccessible re- — =—kT —£To, (30)
gions are strictly presefitt® In this case such a term must be M Jpn, M on,

regarded as an effective confinement term due to the pres-
ence of h|gh energy phase Space regions Wh|Ch are Virtua"Where from the estimate Of the Solute hard body Chemical
unaccessible in the whole temperature range of interest. [Rotential, it is straightforward to obtain the corresponding
the previous article we focused on water—solute system&Xxcess chemical potentiak-kT(dIn edn)y,. We follow
where the confinement behavior could be well described by éhree strategies to obtain the solute hard body excess chemi-
hard sphere modél.In this paper we still consider two cal potential and the other confinement properties. For
spherical-like solutegwater and methanebut we also in- spherical solutes we directly use the partial molecular vol-
clude nonspherical molecules such as ethane, methanol anthe to evaluate the corresponding hard sphere radius via
ethanol. From Eqs11), (23), and(25) we also have BMCSL. This is possible since BMCSL is a very accurate
. N and general equation of state which provides rather accurate
p*=Up=CyoToA(T) +p*v, (27) pressure derivatives of the chemical potential such as the
p*=p’— €T, (29) partial molar volume. Hard chain solutes are more difficult to
be treated and SC-SPT, although rather efficient, is not quan-
_[dIne titatively fully reliable for evaluating pressure derivatives of
§=k N | ’ (29 the chemical potentialwe performed tests on this mafter
v Hence for nonspherical solutes which can be considered as
whereA (T), p*, p’, & being intensive properties, are given linear chains of identical particlg@ this paper ethanewe
by the gamma state obtained by the pure solvent simulationsstimate the bead diametiby the corresponding Lennard-
(the gamma state expressions for and p* are given in  Joneso value, viao/ o= d/d,e;, Whereo s andd,; corre-
previous papef$. Fitting, with Eq.(27), u* as obtained by spond to the methane values. Finally, for any other non-
Eqg. (25), we can evaluata), ¢\, and the partial molecular spherical solutegin this paper methanol and ethanaele
volumev. In the infinite temperature limit the excess termo- obtain the confinement properties to be used in our model,
dynamics of the theoretical model we use, will reduce to thasimply performing at one temperature a thermodynamic in-
of a hard body mixture of the same molar fraction. In thetegration calculation to evaluaje’. From such a value the
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temperature independent confinement term can be easily olime step=2 fs at 300 K and 60 ps each, time stepfs at
tained from @ In e/an)vynsz(ﬂ*—u’)/(k'lj, whereu* is again 800 K) were performed identically to the ones utilized for
evaluated by the QGE theory. QGE calculations except for the use of a simptgoup
basedl 0.9 nm cut off radius for treating molecular interac-
tions. Note that comparison between TI results for Ewald
l1l. SIMULATION METHODS sum or generalized reaction field and group based cut off
simulgl;[iggns, shows a complete agreement within the
; ; ; B noises®<” In Tl calculations we always disregarded the ini-
(MD) simulations over & wide temperature rarig80-1200 tial part of the simulationg50 ps at 300 K and 10 ps at 800

K), using a cubic box of 256 simple point charf@PQ (Ref. . .
18) water molecules, at 55.32 mol/l, plus a solute molecule.K) and the free energy error was estimated by propagating

a water(SPQ, a methané? an ethand® a methanof® and the noise of the free energy gradients in the integration. The
an ethanof® réspectively. f\lote that in ,these modelé non po_noise of each free energy gradient was obtained by the stan-
lar hydrogéns are not explicitly presefunited atoms ap- dard deviation of the perturbation energy derivative divided
proximation. All the simulations were performed usiigRro- by the square rqot of the number of statistipally indgpgndent
MACS software packadé 2 modified to use the isokinetic evaluationgobtained using the autocorrelation functioRi-
temperature coupling. This was done in order to obtain nally, the pure solvent properties used in the QGE models

results fully consistent with statistical mechantcs.For all were obtained by the simulations described in the previous
the simulations the number of steps was 3 000 000 with threBapeﬁ

different time steps: 2 fs for simulations in the range 280—

450 K, 1 fs in the range 450—800 K and 0.5 fs in the rangdV- RESULTS

800-1200 K. Hence the corresponding simulation time e parametrize our theoretical models, described in the
lengths were about 6, 3, and 1.5 ns and in each simulatitheow section, using only the average potential enéegy

the initial 250000 steps were considered the equilibrationsess internal energyand pure solvent pressure in the whole
and so removed from the analysis. Short range interactiongmperature range, i.e., by fitting these values with the cor-
were evaluated within 0.9 nm cut off radius and the longresponding theoretical models. The partial molecular proper-
range electrostatics was calculated using the particle mesfys of the solute are obtained, according to the theory sec-
Ewald (PME) method?® with 34 wave vectors in each di- tion via «* = AA*. Note that in the calculation of* is
mension and a fourth order cubic interpolation. All the solutever); important to use exactly the same temperatures for the
molecules were constrained for the internal and rototranslasygjuation of the overall excess free energies of the solute—
tional motions via the rototrapslatior_"ladmd bond lengf  sojvent and pure solvent systems. This is because even a
constraints, or using the freezing optionGROMACS Hence  gjight systematic error in these two excess free energies
in the simulations we treated the solutes as rigid moleculeg,qouid result in an inaccuratg’*. As mentioned in the
with no rototranslational mot.ions. This procedure, Whi?hTheory, in this paper we model the confinement term of the
speeds up the solvent relaxation around the solute, providegherical-like solutes using a more recent and accurate hard-
the correct statistical mechanics and thermodynamics of th@phere mixture equation of st&te*5than the one used in the
system(SPC plus a rigid solujeIn order to compare our previous papel? Interestingly, the new confinement terms
QGE results with values obtained by a different, and typi-ye obtain for the ions investigated in that work, provide

cally reliable, computational procedure, we used 8RD-  eycess chemical potentials even closer to the ones reported in
MACS routine to perform thermodynamic integratitFl) cal-

culations(soft core potential withw=1.51, 6=0.3 nm on

We performed five different sets of molecular dynamics

the same systems, at 300 K and 800 K, to evaluate the cor- W71 7 1 ' L e
responding solutes excess chemical potentials. For methanol - - SPC (QGE_ims) . .

and ethanol the 800 K values were also used to obtain the 201 — - SPC(QGE box) - -
confinement term in our modelsee Theory sectign For -

methane we performed 11 perturbation simulations which 10+
were tested to be enough for a good convergence of the
excess chemical potential value. Ethane excess chemical po-
tential was obtained from the methane one adding the free

energy difference for the ethane to methane transformation

(again 11 simulations In the case of SPC our tests showed !
that a comparable convergence was obtained using 21 simu- 20

lations. Methanol excess chemical potential was evaluated
from the methane one adding the free energy difference for
the methanol to methane transformation, where the latter was
obtained performing 21 simulations. Finally ethanol excess T e TR
chemical potential was obtained from the methanol one add- T(K)

ing the free E_:nergy difference .for the ethanol to mthanO IG. 1. Excess chemical potential curves of the SPC QGE models. Solid
change(for this latter perturbation we performed again 11 jine: values obtained by inserting one SPC molecule as solute in the SPC
simulations. All the perturbation simulation§250 ps each, box; dashed line: values obtained by molecular properties of the SPC box.

exc. chem. pot. (kJ/mol)

-30 -
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TABLE |. Parameters of the QGE theoretical models and correspondingfABLE IIl. A(Bu')=A(Bu*) for the 300—800 K transition for SPC, meth-
excess chemical potentials at 298 K obtained by molecular properties adne, ethane, methanol, and ethanol as obtained by the QGE theory applied to
pure SPQ256 moleculesat 55.32 mol/l, by inserting one SPC molecule in MD simulation datafirst row) and by TI applied to the same solutesec-

the previous box, using experimental data of water at 55.32 mol/l, by insertond row. For SPC we provide both the QGE values obtained by insertion
ing a methane or an ethane molecule in the SPC box. We also show, betweéeft) or molecular propertiegight). We also show, between parenthesis, the

parenthesis, the excess chemical potential €ooe standard deviation error (one standard deviatigrior Tl results.

d v ug Clo ' SPC CH C,Hg MeOH EtOH

nm I/mol kJ/mo J/mol S kJ/mol

() (€ ) ) K 0 ( ) QGE 116 114 3.4 6.2 12.4 14.8
SPC(box) 0.2426 0.0181 —41.375 46.27 0.6565—26.0(0.3 Tl 11.5(0.3 35(0.3 6.0(0.9 11.9(0.5 14.0(0.5
SPC(ins) 0.2280 0.0165 —43.702 52.58 0.6565—26.8(0.6)
Water 0.2700 0.0181-41.436  49.42  0.5006 —26.8
CH, 0.2955 0.0258 —6.659 57.67 0.6565 13(D.6)
CoHg 0.2991 0.0394 —11.275 69.66 0.6565  12(8.6) (10-15 kJ/mo), which were probably overestimated as we

did not use as many information as for the SPC solute. In
fact, the errors for the solute partial molecular properties at
high dilution should be largely determined by the solvent

literature using a completely, different methitidie., ther- 10160 les, and hence very close for different solutes. There-
modynamic integration. In the case of ethane which is in 0Uky e \ye consider the previous SPC error estimate as valid

force field, a linear chain made of two identical pseudo at'also for the other solutes. It is worth noting that these errors

oms, we use the hard chain model SC—S.PT as described [ 14 be reduced by augmenting the sample of configura-
the theory section. For the other nonspherical solttesha-  iqng ysed to obtain the average potential energies. In this
nol and ethan()lwe evgluate the confinement properties Vidpaper we always utilized 2750 MD frames taken every 0.5—2
Tl calculations at a single terpperatu@oo K). However,  s'according to the simulation temperat(see Methods In

with the use of the relatio(Bu’) =A(Bu”) (see theory seC-  rapie | we report the physical parameters of the two QGE
tion) we may directly compare QGE and TI excess chemicalyogels for SPQ(obtained by molecular properties and by
potentials excluding the confinement effére., 1.*). insertion of one SPC moleculetogether with the corre-

A. Water solute in water solvent sponding values obtained by the QGE theory applied to ex-

In order t tain th fth d éaerimental liquid watet.From the table it is again clear the
h order to ascertain the accuracy of the proposed proc -accuracy of the insertion procedure we use and moreover, the

dure, we tes_t our method using a water moleculg as solut_e 'Oxcellent agreement between SPC thermodynamics and the
water. Considering the molecular thermodynamic propertie

_ : xperimental one. In the same table we also report the excess
gk;t:metlj frolm th? E?SG?Ifzthediolrg ag]phed tota pulre SIPC box o hemical potentials of SPC and experimental water at 298 K,
o molecules at 5o.52 mol/as the exact molecular prop- ¢ opiained by QGE models. Our values are very close to the
erties, we can compare these data with those obtained b

. s o he given in a recent papémwhere perturbation integration
inserting in the SPC box an additional SPC molecule as SOlr'neth%d is used—26 2pkjmo) Inteprestingly these g\]/alues
ute and using the procedure described in the theory section Qre also very close to the experimental wa;ter chemical po-

obtain the solute partlal.molecular 'propertles. In Fig. 1 we,, o1 as obtained by vapor pressure dat26.5 kd/mo).%2
show the excess chemical potential curves for these tw

%inally, in Tables Il and Il we show the excess chemical

QGE models. The two curves are in very good agreement i : n_ *
) 2 . tentials at 300 and 800 K andi =A for th
the whole temperature range, with a deviation ranging froni50 entials a an antifu’)=A(Bu) for the

about 0.7 to 2.5 kJ/mol. From further analysis of a few tem-
perature points at a close isochore, we could also roughly — T T T ' — T
estimate the standard deviation of the excess chemical poten- r
tial, obtained by inserting one SPC molecule as solute, to be
temperature dependent in the range 0.3—5.0 kJ/mol. Such
values are lower than those evaluated in the previous paper

100 _

TABLE II. Excess chemical potentials at 30@pe) and 800 K(lower) for

SPC, methane, and ethane as obtained by the QGE theory applied to MD
simulation data(first row) and by Tl applied to the same solutéscond

row). For SPC we provide both the QGE values obtained by inse(tift)

or molecular propertiegright). All the values are in kdJ/mol and we also
show, between parenthesis, the excess chemical potential@neostandard
deviation.

exc. chem. pot. (kI/mol)
o
<
I

SPC CH CoHg S I IV EN VU SRR R
200 400 600 800 1000 1200
QGE —26.7(0.6) —25.8(0.3 13.3(0.6 12.5(0.6) T (K)
5.8(2.4) 7.1(1.3 58.1(2.4) 74.8(2.4)
FIG. 2. Excess chemical potential curves of the solutes. Solid line: SPC
TI —24.6(0.5 12.9(0.3 12.4(0.3 QGE model obtained by inserting one SPC molecule as solute in the SPC
10.6(1.7) 57.8(1.9 72.9(6.0) box; dashed line: QGE model of methane in the SPC box; dotted line: QGE

model of ethane in the SPC box.
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T T T L AL B TABLE |V. Parameters of the QGE theoretical models and corresponding
r 1 excess chemical potentials at 298 K obtained by inserting a methanol or an
ethanol molecule in the SPC box. We also show, between parenthesis, the
excess chemical potential err@ne standard deviatipn

-0.02 —

’ ’ ’

v u C

-0.04 |- ° Vo K
(I/mol) (kJ/mol) (J/mol K) 8o (kJ/mol)

MeOH 0.0469 —32.625 72.45 0.6565 —14.7(0.6)

-0.06 - 7 EtOH 0.0662 —33.674 91.72 0.6565 —12.3(0.6)

s’ (kJ/mol K)

. 1 is clear that these three molecules have a rather different
oll ] thermodynamics, implying a different interaction behavior
: with solvent. From Tables Il and Ill it is clear that, like SPC,
methane and ethane QGE values match very (éthin the
i il I IO R RV RV R noise the Tl values. In Figs. 3 and 4 we show the partial
e molar excess entropy and isochoric excess internal energy
. e < o chang&s(au’/&n)vyns; of the same three solutes. Methane,
otiel cbtained by icertng one SPC. malecule as solite n the SPC bogtNane, and SPC have not very different excess entropies,
dashed line: QGE model of methane in the SPC box; dotted line: QGEVhich become rather close when we remove the pure en-
model of ethane in the SPC box. tropic confinement termkIn e. This means that most of the
difference in the solvation entropic cost for these solutes, is

. . due to a simple cavity effect. Finally, the excess internal
300-800 K transition, as obtained by QGE and TI caIcuIa—energy change at fixed volume are compatieid. 4). This

tiops: From th.ese tables it is evident the complete agreemerﬂbure provides a further test for the accuracy of the QGE

(within the nois¢ between QGE and TI SPC results. models as it directly compares the model predictions with
simulation data. For all the solutes there is an excellent

B. Methane and ethane in water agreement with the simulation dafhe errors shown corre-

We also evaluate the partial molecular properties of two>Pond {0 @ standard deviation of the property
hydrophobic small solutes in watdSPQ: methane and )
ethane. The physical parameters which define the corrds- Méthanol and ethanol in water

sponding QGE models are given in Table I. In Fig. 2 we  |n order to test further our approach, we also apply it to
show the excess chemical potentials of these solutes, t@wo different polar nonspherical solutes in watéPQ:
gether with the excess chemical potential of SPC obtaine¢hethanol and ethanol. The physical parameters which define
with the same procedure, i.e., by insertion. From the figure ithe corresponding QGE models are given in Table IV. For
these heteroatomic solutes we cannot use BMCSL or SC-
SPT equations of state and hence we do not provide in the
table any bead diameter. As previously described, in this case
we obtain the solute confinement properties by Tl calcula-

g 20 - .
o) L ] 100 — ot ]
z .
30 - E
L 4 E B 1
-0~ - 3
L J £ 50— —
=
©
-50 = @
8 L ]
T R R S R R R 5
200 400 600 800 1000 1200
T(K) 0 =

FIG. 4. Isochoric excess internal energy change ’qan)\,vanS of the sol-

utes. SPC: solid lireQGE model obtained by inserting one SPC molecule _2(')0 : 4400 - 6(1)0 : 8(1)0 . 10'00 . |2'00 t
as solute in the SPC box; empty circieldlD data. Methane: dashed line T (K)

=QGE model of methane in the SPC box; empty squaMB data.

Ethane: dotted lineQGE model of ethane in the SPC box; filled FIG. 5. Excess chemical potential curves of the solutes. Solid line: QGE
triangles=MD data. The errors for the simulation data correspond to a stanmodel of methanol in the SPC box; dotted line: QGE model of ethanol in the
dard deviation. SPC box.
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TABLE V. Excess chemical potentials at 300 K for methanol and ethanol as A T T T T T T T T
obtained by the QGE theory applied to MD simulation dditst row) and
by Tl applied to the same solutésecond row. All the values are in kJ/mol 20
and we also show, between parenthesis, the excess chemical potential error
(one standard deviation

30
MeOH EtOH

QGE —14.4(0.6) —~12.0(0.6)

Tl -13.0(0.5 -9.9(0.5 A0t

(dU /dn)

tions at 800 K(evaluation at 300 K is also possible and
actually provides close results; however to diminish the tem- 3 -
. . . 3 e
perature propagation of the noise 800 K is preferalitfeom SOF F. e .
Fig. 5 where we show the excess chemical potentials of these N N B S
two solutes as a function of the temperature, it is evident that 200 400 600 (K)SOO 1000 1200
methanol and ethanol have a rather different behavior. In
Table V we compare the QGE excess chemical potentials &lG. 7. Isochoric excess internal energy change'(Jn)y 1 ,_ of the sol-
300 K, with the corresponding values obtained by TI calcu-utes. Methanol: solid lireQGE mot_iel of methanol in the SPC box; filled
ations. For these solutes we can oly compare at one terfie°5 MD i Elanol oted neQGE mace) of eian i e <P
peraturg300 K) as we use the Tl values at 800 K to evaluatespond to a standard deviation.
the confinement terms. From Tables Ill and V we have, just
like for SPC, methane and ethane, that, also for these two
non spherical polar solutes, QGE values match very welMmethanol, and ethanokt high dilution, along the typical
(within the noisé TI results. In Figs. 6 and 7 we show the liquid water isochore. Results show that within a wide range
partial molar excess entropy and isochoric excess interndlf temperature the QGE theoretical models provide a coher-
energy change of these alcohols. Also in this case most of th@nt and accurate description of all the partial molar proper-
difference in the excess entropies is due to the confinemeties of solute and solvent as a function of the temperature.
terms, and the isochoric excess internal energy change show§is is demonstrated directly by using a water molecule as
that the QGE models reproduce very well the simulation dat&o0lute in water and comparing the excess partial molar prop-
(the errors shown correspond to a standard deviation of therties obtained with the ones given by molecular properties

property. of the pure solvent(SPC box. Moreover, a remarkable
agreement between QGE and TI results accuracy is shown
V. CONCLUSIONS for A(Bu')=A(Bu*) (Table Ill) as well as for the excess

' . chemical potentialgTables Il and V, confirming previous
In this paper we show that the combined use of the QGResults on ionic solutionslt is worth noting that no difficul-
theory with molecular dynamic8D) simulations can pro-  ties were found for ethane, methanol and ethanol showing

vide the whole thermodynamics of a solute—solvent systemhat nonspherical molecules can be treated properly, although
including all the partial molar properties. We have investi-ysing non-spherical confinement terms.
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