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Effect of uniform electric field on homogeneous vapor-liquid nucleation
and phase equilibria. 1. Extended simple point charge model water

G. T. Gao, K. J. Oh, and X. C. Zeng?
Department of Chemistry, University of Nebraska-Lincoln, Lincoln, Nebraska 68588

(Received 24 August 1998; accepted 27 October 1998

The effects of a uniform electric field on homogeneous vapor—liquid nucleation of the extended
simple point chargéSPC/B model water have been simulated. A grand canonical Monte Carlo
simulation approachl. Kusakaet al., J. Chem. Physl08 3416(1998], which directly gives the
equilibrium distribution of physical clusters, is employed to calculate the formation free energy of
the SPC/E water cluster. The results show that the formation free energy is lowered in a uniform
field if the chemical potential of the supersaturated vapor is fixed; in this case, the field enhances
the rate of nucleation. However, if the vapor supersaturation or pressure is fixed, the formation
free energy increases with the field, that is, the field reduces the rate of nucleation. This conclusion
is consistent with an earlier study using the i/v cluster theory for weakly dipolar Stockmayer fluid
in a uniform field(Part l). A byproduct of this work is the vapor-liquid coexisteribnoda) of the

SPC/E water in the presence of the electric field. 1899 American Institute of Physics.
[S0021-960809)50605-3

I. INTRODUCTION have a prolate spheroid shape, showed that an electric field
For a supersaturated dipolar vapor in a uniform electrid"cré@ses the probability of droplet nucleation. Recently,
field, an open question is whether the field enhances or re\Narshavsky and _Shchel?mlemonstrgted, b_y taking into ac-
duces the rate of vapor—liquid nucleation. To date, most ex¢OUnNt the elongation of the droplet in the field, that the elec-
perimental studies have focused on the effects of the electrféiC field enhances the nucleation rate by decreasing the
field on nucleation of fluids containing ions. The effects arechemical potential of the droplet. .
inferred from measurements using various types of cloud To understand the nucleation in the field from a molecu-
chambers. Rabeony and Mirabebnducted the first study of lar level, we have employed a molecular theory of
the field effects on nucleation. They found that the electridiucleation—the i/v cluster theory developed by Reiss and
field tends to lower the nucleation rate first; then the rateco-workerS™**to study a weakly dipolar system, the Stock-
levels off at a higher field with strengfh>1500 V/m. Later, ~mayer fluid with a reduced dipole momeat =v2. Results
He and Hopkédiscovered that the rate can actually increaseof this work were published in Ref. l¢éhereafter called part
considerably in an electric field. They attributed the largel). The major findings of part | were that the field can either
increase to the lessened vapor depletion by the field, whicenhance or reduce the nucleation rate depending upon the
leads to a more efficient ion-induced nucleation. In anothestate of the supersaturated vapor. If the supersaturation of the
recent experiment, Katet al2 found that the nucleation rate vapor is fixed, the field will raise the formation free energy
is essentially proportional to the ion density but independenand thus reduce the nucleation rate. However, if the chemical
of the strength of the field if the strength is less thanpotential of the vapor is fixedwhich may be difficult to
10* V/im. An important result of Katzt al’s experiment is  achieve experimentallythe field will reduce the formation
that a much stronger field is needed to see appreciable fiefdee energy and thus enhance the nucleation rate.
effects on nucleation, particularly for fluids without contain- However, the ilv cluster theory has one apparent disad-
ing ions. vantage: the formation free energy can only be inferred
On the theoretical side, most previous studies wergyualitatively but not quantitatively, because of the underly-
based on the classical nucleation the‘blgashchie@ derived ing decoup"ng approximation_ Moreover, the theory requires
a formula for the formation free energy of liquid clusters andthe input of the Helmholtz free energy of the clustet?
showed that if the dielectric permeability of the clusters iswhich is usually obtained via thermodynamic integration of
smaller than that of the Supersaturated vapor, the E|eCtri'[.'he equation of Stafg’_ Consequenﬂy, extensive Computer
field will stimulate the cluster formation, while in the oppo- Simu|atior]-5 is needed to achieve a smooth curve of the
site situation it will inhibit this process. Isafdtaking into  integrand'® This computational task is particularly arduous
account the effect of the boundary, found that the formation, strongly dipolar system such as extended simple point
free energy is always lowered in a uniform electric field, charge (SPC/B water (having a reduced dipole moment
even when the dielectric permeability is larger than that of —4.00.7 A test calculation by us indicated that the use
the supersaturated vapor. Chéngssuming the droplet to ¢ 108 Monte Carlo steps per particle is still insufficient to
obtain a smooth curve of the integrand.
3Electronic mail: xzeng@unlinfo.unl.edu Recently Kusaka, Wang, and SeinF@IdeveIoped a new
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approach to calculate formation free energy for nonvolatileTABLE I. GEMC simulation results of the equilibrium vapor and liquid
fluids. The word nonvolatile here means fluid having eX_coexistence densities of the SPC/E yvater un(_ier'thg eIecEricEieId, 1.0

. . X 10° V/Im, and 2.0< 10° V/m. The unit of density is in kg 7.
tremely low vapor pressures. Strongly dipolar fluids such as
SPC/E water belong to this class. The essence of this ap- E=0 E=1.0x10° V/m E=2.0x10° V/m
proach is to determine the equilibrium cluster size distribu-
tion via grand canonical Monte Carl&CMC) simulation. ' ) PL Pe L Pe PL Pa
From this distribution, the reversible work of formatior 298.15 1012.4  0.007 ‘ -
formation free energyof a cluster in the vapor phase can be 323 976.6  0.026  996.4 0.019

obtained. Compared with the i/v cluster method, this ap-33 9352 0238 9522  0.157
) : . . 9034 157 9133 0.903 : -
proach is computationally less demanding and yet can yield g,,, 8311 482 852.7 3.30 865.0 240
formation free energy quantitatively. However, the extensionso3 765.3  16.4 780.9 106 802.6 6.72
of this approach for weakly dipolar or nonpolar systems suchs73 647.2 48.8 675.3 257 723.0 17.0
as Lennard-Jones fluid is still a challenge. 600 466.3  60.9 5771 355 652.1 27.4
In this work, we employed the GCMC simulation 923 o 5067 848 6109 423
650 495.7 74.6

method of Kusakat al. to study the field effects on nucle-

ation of SPC/E model water. To achieve the condition of

fixed supersaturation of the vapor, the equilibrium vapor

pressure data with and without the presence of the field are

needed. To this end, the vapor-liquid phase coexistence _ .

curves (binodalg of the SPC/E water were obtained using UO_Z Zj ulry); @

the Gibbs ensemble Monte Call6EMC) simulation!®2°
Despite some obvious shortcomirfdssimple pair po-

tentials for water such as SPESPC/E and TIP4B® are

quite successful for reproducing many thermophysical prop- U=Uy;—M-E, 3

erties of water under the ambient condition. In these mOdel%hereM is the sum of the molecular dipole moments.

many-body polarization contributions are treated via an ef- The GEMC method of Panagiotopoutd&is employed
fective permanent dipole moment larger than the value in th?0 obtain the vapor—liquid coexistence curves. In this

gas phase. The SPC/E model is chosen here in IC’artiCUI%ethod, two simulation cells are used, each representing a

because it yields an excellent fit to the vapor—liquid coexist-_ _ . g
: ortion of one coexisting phase. Three types of Monte Carlo
ence(binoda) of laboratory watef?° b gp P

. ) . moves were taken in the simulation: molecular displacement
This paper is organized as follows. In Sec. Il, we presen

th lts of GEMC simulati f the SPC/E water in th tand rotation to assure internal equilibrium; volume rear-
€ resutts o . simu a.|or.1 0. € . Wf"‘ erin erangement of the cells to satisfy equal pressure conditions;
presence of a uniform electric fielthcluding zero fieldl. In

—— t the GCMC simulati its of the f and molecular exchange between two cells to enforce equal
ec. 1ll, we report the simulation results ol th€ 1or .o myical potential conditions. For the Lennard-Jones part of

mation free energy from Wh'ch we examine the f'elq effe(?tsthe potential, spherical cutoff approximation with long range

on the homqgeneous vapqr—llqwd nucleat_|on. A dISCUSSIOIEorrection was taket?. The cutoff distance was set to be half

and concluding remarks will be presented in Sec. IV. of the simulation cell. The long-ranged Coulombic interac-
tions were handled by the Ewald sum under the ‘tin-foil’
boundary conditioR® All systems consist of 256 particles.

Il. VAPOR-LIQUID COEXISTENCE OF SPC/E WATER Each Monte CarldMC) cycle consists of 256 attempts of

IN ELECTRIC FIELD displacement and rotation, one volume rearrangement at-

i . tempt, and several hundreds of particle transfer attempts. A
The SPC/E water molecule consists of three poiniomplete simulation includes 40000 MC cycles: 20000

charges located at the three sites representing one 0xygelicles for equilibration, and the other 20 000 cycles for data

and two hydrogens, respectively. The OH bond length is sety|ection. At low temperatures, particularly near the triple

to be 1.0 A and the HOH bond angle is defined as 109.4 ‘point because the successful particle transfer rate becomes

Besides the charge—charge interactions, there is also iy |ow, one thousand particle transfer attempts in conjunc-

Lennard-Jones interaction between each pair of 0xygengion with 60000 MC cycles for equilibration were used. All
The full interaction potential between two molecules is Writ- .os\,its of GEMC simulation are given in Table I.

in a uniform electric fieldg, the total potential energy be-
comes:

ten as: We note that the vapor—liquid coexistence of the SPC/E
1 6 3 3 water has bee.n cal.culated_by Guissani and Géflasing 'Fhe
u(ry)=4e (@) _(@ Y a9 (1) thermodynamics integration method and by Alejandre
1 Moo Moo s et al®® in the study of vapor—liquid interfaces through mo-

lecular dynamics simulation. Both reported that the SPC/E
whereo,,=3.167 A, e/kg=78.21K, the charge for the hy- model can reproduce the vapor—liquid coexistetiaodal)
drogen sitegy=0.423&, and the charge for the oxygen site of laboratory water very well.

o= — 20y . Herekg is the Boltzmann constant ards the In Fig. 1 we show the vapor-liquid coexistence curve of
elementary charge of the electron. In the absence of the elethe SPC/E water from the GEMC simulation, and also that
tric field, the total potential energy is given by from the molecular dynamic@D) simulation by Alejandre
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FIG. 1. Binodal curve of the SPC/E water in zero field. The solid line FIG. 2. Binodal curves of the SPC/E water under the fi€le:0 (open
represents the experimental valyBef. 27, the open diamonds are GEMC diamond$, E=1.0x10°V/m (crossey and E=2.0x10°V/m (open
results of this work, and the crosses are MD results of Alejantia. (Ref. squares

25).

density fluctuation that leads to nucleation. This new ap-

that the agreement between our results and those of Alejarﬁ)roaCh is based on the observation that in typical nucleation
measurements, since the temperature is usually well below

dre et al. is excellent.(Alejandreet al. have already shown
(Alej y the critical point, the large density fluctuations which can

that their results are in good agreement with those of Guis:
9 g lead to condensation are far enough apart and that they may

sani and Guilot) From Fig. 1, one can also see good agree, e regarded as almost mutually decoupled. The key idea in
ment between the simulation and the experiment over a wide 9 ) y pied. the key .
F is approach is to select a Monte Carlo simulation cell with

range of temperatures. Note however that as shown in Tab .
g b volumeV such thatV is large enough to allow one to de-

I, the equilibrium vapor densities of the SPC/E water at low" ribe the relevant nucleation or in rsaturated v
temperatures are too low compared to the experimental vapo'P€ the relevant nucieation process ina supersaturated va-
por, and yet small enough to suppress the density fluctua-

ues.
Table | also shows vapor—liquid coexistence data fornons irrelevant to the nucleation event. For the latter
requirement, Kusakat al. choseV to satisfy

SPC/E water in electric fields, for the field strendihk-1.0
X 10° V/m andE=2.0x 10° V/m, respectively. The strength n,V<1, (4
of the fields is comparable to the average value of the local
internal electric field in condensed waté€Note that a field
strength on the order of #®v/m is within the operating
range of the modern lasgidt was pointed out that any ex-
ternal electric field with strength much less than 5
x10°V/m would have a negligible effect on the thermo-
physical properties of real watét.For SPC/E water, we
found that whenE=0.5x 10° V/m was used there are no
noticeable changes in the binodal curve compared to the

et al?® as well as the one from the experimé@hOne can see

wheren, is the number density of the supersaturated vapor.

For SPC/E model water at temperatufe-298.15K and

with supersaturated vapor density, & z()) ranging from

0.08x10°% A3 to 0.23x10°°A 3, they choseV to be a

spherical cavity with a radius of 15 A. Here=e?*/A% is

the activity, A is the de Broglie wavelengthy, is the chemi-

cal potential, angB=(kgT) ~%; Q is the integral result of the

rotational coordinate of a molecule in the ideal gas. Kusaka
&t al. argued that the cavity on average contains no vapor

zero-field one.

In Fig. 2 three binodal curves are displayed. It can be molecules and the number of molecules generated in the

. o L cell is in fact the size of the physical cluster.
seen that in the electric field the equilibrium vapor density Il<ulsakaet al. thlgn used a[r)1 ti/n:brellausamphng grand ca-

becomes smaller and the liquid density becomes larger, onical MC methof to calculate the equilibrium cluster
Therefore, the critical temperature becomes higher. The

stronger the applied field is, the greater the density changeSlze distributionc(Nc) = p(Nc)/V, defined as the probability
of finding a physical cluster of sizd. (or anN, cluster as
This is because the applied field effectively enhances the
called by Kusakat al.) in a unit volume. Herep(N,) is the
attractive interaction between dipolar molecules. These re robability of finding anN,, cluster in the volume/ and is
sults are consistent with those of Stevens and &testo P y 9

studied the vapor—liquid coexistence of Stockmayer fluid inglven by
a uniform field. Ec(B.V,Z;N,)
P(N¢) = W ®)
I1l. GRAND CANONICAL MONTE CARLO SIMULATION where
OF SPC/E WATER CLUSTER IN ELECTRIC FIELD
Recently, Kusakaet al® devised a new approach in 2(BV.2)= wt fd{N}e AUy ©®)
identifying the physical cluster. The latter is defined as the o NI
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FIG. 3. The formation free energy of the SPC/E water clustefTat FIG. 4. The same as Fig. 3, but faf)=0.12x 105 A 3.

=298.15K andzQ=0.23x10"° A3, and under the fieldE=0 (open
diamond$, E=1.0x10°V/m (crosses and E=1.5x10°V/m (open

squares
formation free energy versus the size of physical clusters. In
. N _ Fig. 3, the vapor densitg()=0.23x10"°A~3, and in Fig.
is the grand partition function and 4,20=0.12<10 °A 3. The three curves in both Figs. 3
ZNe and 4 correspond to three different field strengts:0,
E(B.V,.Z;Ny) = WJ d{Ncje™PUn, (7)  1.0x10°V/m, and 1.5<10° V/m. The temperature is always

_ _ N _ set at 298.15 K and the chemical potential is also fixed, both
is the term in the_grand partition functid® for N=N. ; Uy with and without the presence of the fields. Figures 3 and 4
is the total potential energy for system wikhmolecules{N}  show that in the electric field the formation free energy is
denotes the collection of all translational and rotational codowered and thus the size of the critical cluster becomes
ordinates of theN molecules N is the upper bound of the smaller; the higher the field strength is, the lower the forma-
molecular number that ensures the system in a metastabiien free energy and the smaller the critical cluster sizes. This
state. Once the cluster size distribution is determined, th@ehavior can be understood as follows. Becaifsg> 1 for

reversible work of formatiorfor the formation free energy x>0, when the external electric field is applied, one can see

for an N, cluster can be determined via from Eqgs.(9) and(10) that the pressure of the supersaturated
c(N,) vapor will increase if the chemical potential is fixed. In ad-
W(N.)=—log — (8)  dition, as shown in Sec. Il, the equilibrium coexistence vapor

v density and the saturation pressiitg,; decrease as the elec-

For more theoretical details, the reader is referred to théric field increases. Therefore, the supersaturatisn

work of Kusakaet al!® =P/Pg, of the supersaturated vapor increases, which results
In this work, we applied Kusakat al's method to study in a lower formation free energy and a smaller critical cluster

the nucleation of SPC/E water in a uniform electric field. Wesize.

used the same value of radius of spherical caliyA) as in Besides the fixed chemical potential condition, we also

Ref. 18. Here, the only modification is the relationship be-examined the fixed supersaturation condition for the super-

tween the vapor density, and the producz(). Note that for ~ saturated vapor. In this case, since both the fabtg)y and

an ideal SPC/E vapon,=z(). In a uniform electric field, the saturation pressur®.y are a function of the field

however, the vapor density is given BY: strength, to maintain a fixed supersaturation, the valug)of

has to be adjusted whenever the field strength is changed.

n,=2Q1(x), © We performed a grand canonical simulation at fixed super-
and the pressure is given by saturationS and temperaturé =323 K. ForE=0, z(} is set
_ to be 0.5<10°°A~3. From Table | and the ideal gas equa-
P=20kgTH(x), (10 tion P=zQkgT, we found this condition corresponds to a
where supersaturatiorP/P.,=5.8. The formation free energy of
sinh(x) the clusters at this supersaturation is shown in Figsée
f(x)= < (11 curve §). ForE=1.0x 10° V/m, in order to keep the super-

saturationS=5.8, we found from Table | and E¢10) that

andx= BmE, wherem is the value of the molecular dipole zQ should be 0.2810 °A 3. The curve $in Fig. 5 shows

moment. For SPC/E watem=2.35D. The factorf(x) in simulation results under this condition. Finally, curvgi®

Egs. (9) and (10) is resulted from the integration of the ro- Fig. 5 corresponds to the conditidh=1.0x 10° V/m and

tational coordinate under the influence of the field. 20 =0.31x 10 ° A 3 for which the pressure is set to be the
In Figs. 3 and 4 we showed the GCMC results of thesame as that for curve,S
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FIG. 6. A typical snapshot of a SPC/E water cluster under the external
electric field of E=1.0x10° V/m at T=323K andzQ=0.31x10 A3,
o & The cluster size is 35 which is very close to the critical cluster size at this
‘ 10 20 30 40 50 60 70 state(see curve $in Fig. 5).
N

FIG. 5. The formation free energy of the SPC/E water clusterd at .. L .
—323 K. The curve S$(open diamondsis for 20=0.5x10 5 A2 andE perature rise is that the electric field effectively enhances the

=0; S, (crosses is for z0=0.23x10° A% and E=1.0x1° v/im; S,  attractive interaction between molecules, as the dipole of the
(open squaresis for z0=0.31x10"°A~% and E=1.0x10° v/im. The =~ SPC/E water molecules is forced to align along the direction
same supersaturation is used fqradd $; the same vapor pressure is used gf the field.
for S, and §. For the vapor—liquid nucleation, we found the condition
of supersaturated vapor is essential to determine the external
By comparing the three curves in Fig. 5, one can findfield effect. Under the fixed chemical potential condition, the

that for both fixed supersaturation and fixed vapor pressurl€ld enhances the rate of nucleation. But under fixed super-
condition, the formation free energy tends to increase in th&aturation or vapor pressure condition, the field reduces the

electric field. The formation free energy enhancement for th&ate of nucleation. Among others, one important factor is the
critical cluster is typically about 2T under the fixed su- V&Por density change in these states of supersaturated vapor.

persaturation condition, and aboukgI under the fixed Under the fixed chemical potential condition, the vapor den-
pressure condition. ’ sity n, increases with the field; under the fixed supersatura-

We also examined the shape of the clusters in the simdion conditionn, actually decreases with the field. In most
lation. We found that when the size of the water cluster iscircumstances, the higher the vapor density is, the higher

small the cluster in a strong field is chain-like, a behaviorucléation rate would be.

similar to that found for a highly dipolar cluster in vacudm. Under the fixed vapor pressure condition, the vapor den-

As can be seen in Figs. 3 and 4, there exists a notable locg/y N» d0€s not change with the field. In this case, the next
maximum of W' nearN, = 3, particularly in the case of zero important factor to the nucleation is likely the geometry
field. This maximum is due to the strong tendency of form-Shape of the cluster. Indeed, in the external field, the water
ing a stable hydrogen bonded network in the four cluster ofUSter is elongated in the direction of the fr”é*lujs.ee Fig. 6
water!® However, in a strong field, the field tends to weakenWhich gives rise to a larger surface—volume ratio of the clus-
this tendency. T,his is the reaso;1 why the local maximuni€l: and thus a larger surface contribution of the formation
aroundN.=3 in Figs. 3 and 4 is smeared when the stronges{'€€ energy. In this case, the formation free energy can be
field is applied. On the other hand, as the size of the wateffigher even though the molecules in the cluster have a stron-
cluster becomes larger, the chain-like structure gradually disd€r attractive interaction than those in zero field. _
appears because of the strong tendency for water to form a 1he conclusions of this work are in fact consistent with
compact hydrogen bonded network. A typical snapshot ofth earlier study of weakly dipolar Stockmayer fluids in a
the near-critical cluster under the electric fiek=1.0 uniform field (part ).** In that work, the i/v cluster theory of
«10°V/m at T=323K andzQ=0.31x 10 5A 3 is shown Reiss and co-workers was used to qualitatively calculate the
in Fig. 6. The size of the cluster is about 35 which is close tdormation free energy of dipolar clusters. The fact that these
the critical cluster size at this stateee curve $in Fig. 5). two different approaches predict qualitatively the same field

The elongated shape of this cluster can be clearly discernefi{f€cts on vapor-liquid nucleation is very encouraging.
Another conclusion of this paper is that for SPC/E model

V. DISCUSSION AND CONCLUSION water, the e_leqtrlc flelq has neither an appreuable _effect on
the vapor-liquid coexistence nor on the vapor—liquid nucle-

In this work, we employed GEMC and GCMC simula- ation if the strength of the field is much less thar? ¥om.

tion methods to study the effects of a uniform electric fieldThis result is consistent with the experiment by Katzl3

on the vapor—liquid coexistencinoda) as well as the that the field effects seen in the experiment are mainly due to

vapor—liquid nucleation of the SPC/E model water. Wethe presence of ions in vapor, and that the rate of nucleation

found that the field lowers the equilibrium vapor density andis independent of the field strength, provided the strength is

raises the equilibrium liquid density, and thus elevates théess than 1HVv/m.

critical temperature. The main reason for the critical tem-  However, if a strong electric field with strength as high
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because the strength of this field is comparable to the averagg;qogy &= ' ' T ' '
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