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The interaction between two aqueous droplets containing ions is investigated. The ion-fluctuation correlation
gives rise to attraction between two neutral microdroplets, similar to the van der Waals interaction between
neutral atoms. Electrostatic attraction consists of contributions from various induced multipole-multipole in-
teractions, including dipole-dipoléP2)2r=8, dipole-quadrupoleP2)(Q2)r~8, dipole-octupole(P2)(0Z%,)r 1,
and quadrupole-quadrupole interactic{@%fr‘lo. The mean-square multipole moments are determined ana-
lytically by linear response theory. The fluctuation-driven attraction is so strong at short distance that it may
dominate over the Coulomb repulsion between like-charged droplets. These theoretical results are confirmed by
Monte Carlo simulations.
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Aqueous microdroplets exist ubiquitously in water-in-oil ists no permanent dipole or higher order moments and thus
(W/O) microemulsions and emulsions. Water droplets im-the induction forces are absent. Nonetheless, an instanta-
mersed in a continuous apolar medium are stabilized by aeous dipole in an atom can induce a dipole moment in a
film of surfactants at the interface. Microemulsion droplets,neighboring atom and lead to attraction, as in classical induc-
sometimes also called swollen reversed micelles, are apn forces. It is well known that the van der Waals force

proximately spherical with sizes in the range 5—100 nm. Thg, . ooy two nonpolar atoms arises from the correlation be-
ability of microdroplets to host nanosized particles finds ap-,

plications in biotechnology and materials developmjit _tween charge fluct.uations. Thg OT‘Q‘” of the dispersio_n fqrce
The fact that W/O microemulsions display significant elec-IS nonclassical. Arigorous derivation by London, considering
tric conductivity indicates that there are ions within the aquefhe perturbation produced in the solution of the Schrodinger
ous core, and a substantial fraction of microdroplets acquir€guation, results in an attraction and the attraction falls off
charges due to fluctuating exchange of ions between dropvith the separation as®. A similar phenomenon with clas-
let§2]. lons come from dissociation of the ionic surfactantsical origin is anticipated for the interaction between two
shell or added inorganic salt. neutral salty microdroplets. In this Rapid Communication,

The electric conductivity of a W/O microemulsion can be we take into account the ion-fluctuation correlation and de-
altered by several orders of magnitude as the temperature awe the attractive force, which consists of contributions from
the water content varies over a very narrow range. It is genvarious induced multipole-multipole interactions, such as in-
erally believed that the sharp change in conductivity, characduced dipole-dipole and dipole-quadrupole interactions.
terized as a percolation phenomenon, is attributed to the folEach interaction is proportional to the product of the mean-
mation of clusters of water globulg$]. The interdroplet square multipole moments, which can be calculated by linear
attraction .is responsible for the _cluster.formation and ha$esponse theorgLRT) or MC simulation. The analytical ex-
been elucidated by electrostatic interactigds] and over-  pression for such an attraction is similar to that of the dis-
laps of the surfactant tail regiof6]. For the former the persion force. However, the former is statistical mechanical
mean-field theory, i.e., the Poisson-BoltzmafB) equa- |t the latter is quantum mechanical. The theoretical results
tion, predicts an induced attraction between a neutral and 3. confirmed by MC simulations.

charged droplet but no electrostatic interaction results be- Consider two aqueous droplets with dielectric constant
tween two neutral droplef¥]. However, by means of Monte _gq) immersed in an apolar environment with dielectric

Carlo (MC) S|mule}t|ons[4], Itis found that c_orrelated 1on constante,. The center-to-center separation between the
fluctuations give rise to attractive forces, which are of Com'dropletsA andB is r=|A-B]|. There areN counterions en-

parable magnitude to the van der Waals interactions betweecﬂosed in a spherical cavity of radilswith uniform surface

ENS neutl;al /partncleds_. The typical Tﬁmaker dc;)nsdtan_t tf(:rr]charge density. These ions are located at positipef} with
ydrocarbon/water dispersions was then used 1o depic argeq (in units of the elementary charge), wherei

result. Nevertheless, this empirical analogy fails to predicC . N andk=A and B. We assume that the counterions

the effects of ion concentrations, droplet sizes, and dielectri(c;lre’ point charges and consider only Coulomb interactions
mismatch. between ions. In the presence of dielectric jumps at the in-

For a spherically symmetric atom such as neon there e)i'erface, the Coulomb interaction between iam(x; X)), is
*Email address: yjsheng@ccms.ntu.edu.tw in general a complicated function and can be obtained by
"Email address: hktsao@cc.ncu.edu.tw solving the Poisson equation, which relates the space charge

distribution to the electric potential,
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have to determine;//(xﬁ,xf‘), which is complicated because
of the inhomogeneous dielectric constant. The dielectric mis-
(1) match between the aqueous droplet and the apolar medium

, o . results in polarization at the interface and therefore leads to
whereeg is the permittivity of a vacuum. Inside the droplet, . rections to the Coulomb interactiorkgT¢g/ X"~ X8|
i jh

the electric potential due to its surface charge is constanfynere the Bjerrum lengths=e?/4me,eoksT defines the

oR/egez, and thus is irrelevant in determining the ion distri- |ength at which two unit charges interact with thermal energy
bution. When interacting with ions in dropl& the surface 1" in 3 continuous medium, dielectric mismatch gives rise

charge of dropleA can be rzegarded as a point charge locateqq polarization charges at the interface induced by point
at A with valency Q=47R°o. The electrostatic interaction charges inside the droplet and external field. Equat@n

Hamiltonian can then be separated into three parts, reveals that the attraction between neutral droplets can be

N To carry out the calculation for Eq6) with Eq. (4), we
Vo leNeoVgn)]== X | 2 qdr —x) + J a(x)dx |,

k=AB [ i=1

— /AL 1/B 2 caused only by ion fluctuations, which are manifested
H=Hy+ H* T, @ through the mean-square multipole moments. As a result, the
with effect of polarization is simply shown by modifying the
Hy= P2 (X x)), (3)  mean-square multipole moments.
i>] Without loss of generality, we consides=¢,, for which
and there exists no polarization. The polarization effect will be
, N e N A N . taken into account later. On the basis of the multipole expan-
Ho= P 2 p(x{xP) +qQ2 ¥(x(,B) + qQX wAxP A). sion, the Hamiltoniart{, can then be written ag8]
ij=1 i=1 i=1
1 1
4 _ _ pApB 2 _2/pAAB _ ~A pPB
(4) Hyp= 4778280{ Papﬁvavﬁ< r) 3(PaQBy QhsPd)
In EqQ. (2) H‘i represents the contribution due to ions within
the same droplet while H, denotes the interaction between }) 1 loae 1A e
charges in different droplets. XVNBVV( 15P“OB75 gQ‘”ﬁQﬁ'y
The partition function is then given by 1 1
+—0h PB]VVVV<—>+-~~} (7)
1 aByt 5| YaYBYyYo !
2 f J ePAChCT = (%), (5) o r

1)2
(N!) where the instantaneous dipole, quadrupole, and octopole

where B=1/kgT, CK=dx*---dx¥, and <_>:ff(e—,8H'deQ) moments are defined &@=q2;x;, Q:(q/Z)Ei(3xixi—xi2I),

B o o N T d 0=(q/2)Z;(5xxxi —x2xi1) tively.l is the unit

X (e”P"1dCP) denotes the average over realizations of coun? q (9XiXiX; = X, Xi1), TESPECHIVELY. | 1S the uni

. ! . . . ~— 'tensor. Note that permanent multipoles do not ex{BY,

terion configurations. When the configuration of counterlons_< y=(0)=0. Substituting Eq(7) into Eq.(6) and perform-
within the droplet is only slightly disturbed by the neighbor- Qh_ R ol gh q(. ) . a-(6) P hich

ing droplet, /¥ is essentially independent of interdroplet dis- "9 the integration yields the interaction energy, which con-

tance and can be determined from an isolated droplet. Thgitliipgre ﬁgg%gﬁgs from various induced multipole-
statement is in general true because the mean ion-ion dis- - ! 1

tance within a droplet is much smaller than that between two Woo=Wep+ Weq+ (Weo+ Wog) +O(™™),  (8)
droplets. Consequently, the interaction between droplets ighere

mainly decided byH,. To perform the average analytically, 5
we expand the exponential &, in Eq. (5) in terms of (Py)?

(P2XQ2%) -

— -6 —
Taylor series and retain only the terms up to orgeH,)3, /PP~ 3(4778280)2kBTr » Wee=-1 (47er80) KT
ie., (ePM2N)=(1-BH,+1(BH,)2-2(BH,)%). When the ©
interdroplet distance is large compared to the Bjerrum
length, the thermal energy becomes greater than the electrand o2
static interaction, i.e.fH,<<1, and the truncated series can Weo=— 28M -10 (10)
give an accurate result. Owing to the spherical symmetry and (47re580) e T
electroneutralityQ+Ng=0 associated with an isolated drop-
let, there exists no permanent-@ole (n=0,1,2,..) and <Q§z2 10
one has8H,)=((BH,)%=0. Since the interaction energy is Waoo=-3 (@meyeg PhaT

given by W(r)==kgT [In Z(r)=In Z(r — )], one has
Note that van der Waals attraction is not included in &).
W) = - §<(H2)2>' ®  and Woo=0 if all charges are absent. Whep+ &,, the po-
larization charge simply gives an extra contribution to the
The mean-field theory assumé8{,)?)=(H,)? therefore no  instantaneous multipole in E¢7). The interface polarization
interaction between two neutral droplets is obtained. How-on dropletB due toA is equivalent to applying an external
ever, if H,# 0 and its value fluctuates around the zero meanfield on B [see Eq.(13) for an ion-free spheile Therefore,
one has((8H,)? >0, and an attraction will result. Egs.(8)—«10) still hold and the effect of dielectric mismatch

060401-2



RAPID COMMUNICATIONS

ELECTROSTATIC ATTRACTION BETWEEN NEUTRAL.. PHYSICAL REVIEW E 69, 060401R) (2004
is displayed through the mean-square multipole moments — 2.5x10°; 1+ 1+
The foregoing results show that the induced interaction be- (@) ]
tween a 2-pole and a 2-pole is always attractive. It falls off 2.0x10° - ‘__ﬁ.ﬁ' ]
asr 2™l and is proportional to the product of the mean- i " ]
square multipole moments of"2and 2. The analytical ex- «§ 05j— b
pression is very similar to the dispersion interaction betweenX X! i
atoms,U gig=Cgl "8+Cqr 8+ Cyor 1%+- - [8]. At large separa- o i
tions, just like the coefficienCq [9], the leading term of  1.0x10°- ]
Woo, Proportional to(Pi)z, is also proportional to the square i
of the microdroplet’s polarizability7,10]. 5.0x10° - = g/5=1.00 |
The mean-square multipole moments represent ion fluc- i P 82/8;0'025 ]
tuations inherent in a microdroplet and cannot be obtainec 0.0 . ; P P | ot el
from the mean-field theory directly. They can be obtained 0 10 20 30 40 50 60 70 & 90 100
either from MC simulations or by LRT10]. The latter sim- N
ply applies an electric field externally and a fietdwithin 4x10° — —
the microdroplet results. The induced multipole momieht (b
can then be calculated from the PB equation under the i
Debye-Hickel approximatiofLQ]. For a weak external field, 3x107 - A
the response is governed by the same laws as are spontan « g I =l
ous ion fluctuations in an equilibrium system. Therefore, N I =l ]
Ly 0 S il
M; = i Me Bk +HlgC /2 < I 2 —— 1
YT & v -
1 1x10' - /=100 s
- = _ -BH I m g/e~l |
= | MI1-B2, s0x)]edCy 2 : o o/o0025 |
L | L 1 L | L | L | L | L I L [ L | L I
:_:3<M2k¢(xk)>- (11) 00 10 20 30 40 50 60 70 8 90 100
N

where (M)=0 and Z=(1/N!(feP"1dC,. In accodance L

with Eq. (11), the mean-square multipole mome(rM]z ) FIG. 1. The variation of scaled mean-squéaequadrupole and
' ’ ) ) (Wz>  (b) octopole with the number of counterioié for R=15a. Ky

thez...z component associated with &fole, can be evalu- = (on+1)g,/[n, +(n+1)e,].

ated analytically if one choos¢ =M, [10]. For example, !

(M%) =(P?) is obtained if we chooseyxz. This approach tion of scaled(Q2) and(O2,) with the number of counteri-
yields ons N for R/a=15. Note that the contribution due to the
(M3, = (47me280) O, R kg T, (12)  external field disappears for an isolated droplet. Similar to
(P?) [10], they grow rapidly at low ion concentrations but
become saturated at high concentrations. The mean-square
g, N iy(kR) g,n+1i(kR) multipole moment ofs,=¢; is greater than that of,/e;
=1 _S_K_Rm +;Fm : =0.025 because the counterion fluctuation is depressed by
. n ! n polarization charges at the interface. Those features are cap-
(13)  tured by LRT. The results of simulation and theory are in
reasonable agreement.
We also perform MC simulations to calculate the interac-
tion force between two neutral microdroplets tr=¢;=80
at 298 K. The forces are plotted against the interdroplet dis-
tance as shown in Fig(&) for different radii and in Fig. &)
-~ X . for different numbers of counterions. The interaction is al-
_ The validity of our analytical results fog, can be veri- —4vs attractive. At a given separation, the attractionin-
fled_by con_S|der|ng the dilute limit. For one counterion only, ~re5ses with\ for a specifiecR and grows withR for a fixed
the interaction energy far,=¢, can be evaluated exactly. Its \ The MC results are compared to the theoretical prediction
expansion igBWyo= —(€B/R)2(2%X6+ %x8+ ;—ix1°+ --+), where by F=-dW,,/dr. The agreement is quite good and confirms
x=R/r. Equation(8) reduces to this asymptotic result as the validity of Eq.(8). At large separation, the leading terms
kR<1. The accuracy of the mean-square multipole momentslominate the attractive force. Nevertheless, the higher order
calculated by LRT is further examined by comparing to thoseerms may contribute as much as 20% of the total
obtained from MC simulations for an isolated microdroplet.fluctuation-driven attraction at shorter separations,2R, in
The simulation details are reported elsewhil#. The re-  Fig. ZAb). In our analysisweak electrostatic interaction is
stricted primitive model is adopted with ion diametar assumed because of the Taylor expansion and small pertur-
=0.4 nm. Figures (&) and 1b) show, respectively, the varia- bation to the counterion configuration. As the counterion

where®,, is defined as

n(KR,2

€1

in(x) is the modified spherical Bessel function of the first
kind and -1<0®,<1. « denotes the inverse Debye length
[10]. Note that, askR<1, ®,—n(e;—gy)/[ne;+(n+1)e,]
corresponds to the induced multipdié,, associated with
an ion-free dielectric sphere due to the external field.
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FIG. 3. The variation of the forces with the minimum separation
between two like-charged droplek$. The microdroplet carries a
unit net charge witte,/e,=1 andxR=20.
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the Coulomb repulsion may be overcome by the fluctuation-
) driven attraction. In fact, the interaction energy between two
il i droplets with unit charge is given byV;;=(€g/r)kgT

S +2W10+ Woo, WhereW,q denotes the charge-induced multi-
»o'\\‘\f'?}f pole interaction, Wyo=—3(£g/RkgTZ.,0,(R/ 1)2™2 [7].

S Figure 3 plots the forces against the minimum separation,
H=r-2R, for e,=¢4. The theory agrees quite well with the
MC results. AsH— 0, however, the theory underestimates
In(r/a) the attractionVyo substantially, due to the absence of higher
order moment contributions. This outcome reveals that, if
two like-charged droplets are able to overcome the Coulomb
barrier, they will fall into the attractive well caused by ion
fluctuations. This is similar to the Derjaguin-Landau-
concentration is increased, the deviation becomes significaerwey-OverbeekDLVO) potential in colloidal suspensions
as shown in Fig. 1. In fact, the attraction can be at leasstabilized kinetically by electrostatic repulsioft.

0.2ZgT for N>100 in Fig. Zb). Such attraction is significant . _ ) ) )
enough to be measurg2]. This research is supported by National Council of Science

The interaction between two like-charged droplets isof Taiwan under Grants No. NSC-92-2214-E-008-001 and
dominated by the Coulomb repulsion. The ratio of CoulombNo. NSC-92-2214-E-002-003. Computing time provided by
repulsion between two unit charges Wpp at r=2R is  the National Center for High-Performance Computing of Tai-
(16/9@%)(€B/R). This result reveals that at on near contactwan is gratefully acknowledged.
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FIG. 2. The attractive forcesF plotted against the interdroplet
distancer (a) for different radii with N=10 and(b) for different
number of counterions witR="7a.
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