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Bulk and interfacial properties of a dipolar-quadrupolar fluid in a uniform electric field:
A density-functional approach

V. B. Warshavsky and X. C. Zeng
Department of Chemistry, University of Nebraska-Lincoln, Lincoln, Nebraska 68588, USA
(Received 17 February 2003; published 14 July 2003

We have studied the bulk and interfacial properties of a dipolar-quadrupolar fluid based on an extended
modified mean-field density-functional theory. Effects of a uniform electric field on the bulk and interfacial
properties are also studied. Results of the coexisting vapor-liquid densities, interfacial profiles of the density
and orientation order parameters, the surface tension, and their dependence on the temperature, magnitude of
molecule dipole and quadrupole moment, and the applied field are obtained. In general, we find that the applied
field increases the critical temperature, broadens the vapor-liquid coexistence curves, and reduces the surface
tension. We also find that if the quadrupole moment is positive, the reduction in the surface tension is greater
when the applied field is in the direction from the vapor to the liquid phase than the reduction when the field
is in the opposite direction. This apparent symmetry breaking by reversing the field direction may offer a
molecular mechanism to explain the phenomenon obibe preferencén liquid droplet formation on charged
condensation centers.

DOI: 10.1103/PhysRevE.68.011203 PACS nuni)er68.03—g, 82.60.Nh, 92.60.Jq, 92.60.Ls

I. INTRODUCTION [15-17. It was pointed out that this spontaneous polariza-
tion is responsible for the “sign effect” on the surface ten-
Many molecular fluids such as water, methanol, and hysion due to an external electric fie]d8] as well as the ad-

drogen chloride possess both large molecular dipole angorption of ions with a preferred sign at the surface of the
quadrupole moments. It is of both fundamental and practicaiquids [19]. For purely dipolar fluids, the spontaneous mo-
importance to gain more knowledge of the bulk and interfalecular orientation at the liquid surface has been studied on
cial properties of the molecular fluids as well as their depenthe basis of the integral equati¢@0] and “f-expansion”
dence on the strength of the dipole and quadrupole moment@,eoW[zﬂ-

particularly when the fluids are subject to an external electric 1€ density functional theoDFT) is perhaps one of the

field. Theoretically, however, one can construct purely dipo_most successful theoretical tools for studying vapor-liquid

lar models such as the Lennard-Jo lus a point dipole interfaces of polar fluid§t2—.4,20,22,2'js Thg DFT _allows
(known as the Stockmayer moaie(;)?ﬁp%rely guadrugolar both the structuralthe density and orientation profileand

. . thermodynamical(surface tensionproperties to be deter-
models S.UCh as the the LJ plus a point quadrupole. With thﬁwined in a self-consistent way. For weakly dipolar fluids, the
purely dipolar or quadrupolar models, one can separateI}ﬁwodified mean-fieldMMF) DFT developed by Teixeira and

. ) . _ '%o-workers[2,4,24 has been employed by several workers
the bulk and interfacial properties of the fluids. For example[25 26,9. A more sophisticated DFT has also been devel-

a perturbation theory for both purely dipolar and quadrupolabped for strongly dipolar fluid§3,23). In a previous paper
fluids was developed by Hailet al. [1] to calculate the sur-  [9] we employed the MMF-DFT to show that for a purely
face tension. More thorough reviews of the theoretical studgipolar fluid subject to an external uniform electric field,
ies of purely dipolar fluids can be found in Ref2—4]. Bulk  changing the direction of the field has no effects on the sur-
properties of dipolar fluids in an external field have beenface tension. In a recent lettf27], we extended the MMF-
studied by many worker5-9|. DFT to treat a dipolar-quadrupolar fluid. We find that chang-
Several theoretical and computer-simulation studies of théing the direction of the field does have an effect on the
properties of dipolar-quadrupolar fluids, including the freesurface tension. We showed that for two given external fields
energy[10,11], liquid structure[12], and phase equilibria with the same strength but exactly opposite direction, the
[13], have been reported for model dipolar-quadrupolar fluidmagnitude of the field-induced change in the surface tension
systems. Patey and Valleql] calculated the free energy is different.
and radial distribution function by using a Monte Ca(fMC) In this paper, we present full theoretical formalism of the
simulation method. Phase equilibria of the LJ dipolar-extended MMF-DFT and detailed results of the properties of
quadrupolar fluids with various dipole and quadrupole mo-the dipolar-quadrupolar fluid and their dependence on the
ments were obtained by Dubey and O’SHé&4] from MC  applied electric field. As noted in the previous lefter], the
simulation. These workers found that increasing multipolestudy of the electric field effects on the interfacial properties
strength will increase the critical temperature and broadenf dipolar-quadrupolar fluids can be useful to our under-
the vapor-liquid coexistence curvdthe binodals There standing of thesign-preferencgghenomenon observed in the
have also been some theoretical studies aimed at understarida-induced heterogeneous nucleation experimg2is-33
ing the mechanism of the formation of the spontaneous poand computer simulatiof84]. These experiments and com-
larization at the surface of the dipolar-quadrupolar liquidsputer simulation have shown that in the heterogeneous
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vapor-to-liquid nucleation on charged condensation centerkleaviside step function. The isotropic part of the attractive
the sign of the charge can affect appreciably the rate ointeractionug is taken to be the augmented Sutherland po-
nucleation. For example, it was found that water dropletgential[42,43

nucleate faster on negative iof@nion preferengewhereas

methanol droplets nucleate faster on positive igoation Uoo(r 19 = — 4e(d/T1,)°®, (3
preferencg provided that the magnitude of all charges are

identical. Several theoretical approaches have been devétheree is the energy parameter. Such choices of separation
oped to explain this phenomenon. Approaches include thelf the reference and perturbative potentials have been used in
modynamics [35_37_|, MC [8] and molecular dynamics many DTEViOUS StUdiQQ,9,46—48. The choice of the Suth-
simulation [38,39, and the DFT[40,41. In essence, the erland potentialEqg. (3)] as the isotropic part of the attractive
sign-preference behavior can be attributed to certain asyniotential is mainly for mathematical simplicity in the calcu-
metry in molecular interaction. The dipolar-quadrupolar mo-lation of the interfacial properties of the polar fluid. Teugy
lecular model considered here does entail an intrinsic asynfefers to the dipole-dipole interaction, i.e.,

metry of the charge distribution in the molecule. Thus, the )

dipolar-quadrupolar fluid should show sign preference in the - Mo
ion-induced heterogeneous nucleation. Ugd(M 12, 01,02) = rT(Clz— 3c1C2), 4
The rest of the paper is organized as follows. In Sec. Il the 12

MMF-DFT is extended to treat a dipolar-quadrupolar fluid
subject to a uniform electric field. Results of bulk fluid prop-
erties are presented in Sec. lll. Results of interfacial proper-

Ugqt Uqq is the dipole-quadrupole interaction, i.e.,

ties including the density and orientation order-parameter Udq('12,@1,@2) T Uqal 12, 01,2)

profiles, the surface polarization, and surface tension are 3 4oQ

shown in Sec. IV. The effects of the field direction on the =5 —(€C1—Cy)(1+5¢c:C,—2¢1y), (5
order-parameter profiles and the surface tension are also dis- 2 gV

cussed. Conclusions are given in Sec. V. _ _ _
andugq is the quadrupole-quadrupole interactiei#], i.e.,

II. DENSITY-FUNCTIONAL THEORY
FOR DIPOLAR-QUADRUPOLAR FLUIDS

2
Ugq(M 12, @1, @2) = Zr—5(1_50§_503+zci2

We consider a single-component molecular fluid that con- 12
sis_ts of spherical particles each having a point dipole and a +35c2¢3—20c,C,C1), (6)
point quadrupole. In the body-fixed coordinate, the vector of
the dipole is set to be the' axis. The dipole thus has only
one nonzero component,, = uq. For simplicity, we only - - ) )
consider that the quadrupole tensor has one nonzero comp8lond the molecular axgsandn=r,/ry, is the unit vector
nentQ,.,,=Q. The intermolecular interaction is described /0N the intermolecular axis. _ .
by a pairwise intermolecular potential(ry,r,,w;,w,), Let p(r, @) =p(r)f(r, o) denoting the number density of
wherer; andr, denote the positions of two molecules and Molecules, where(r) is the total number density of mol-
w; and w, are the orientations of the moleculat axes. ecules without specifying the orientation af{d, ) denotes
We employed a perturbation approach to separate thée distribution function of the molecular orientation
intermolecular potential into two parts: a strongly repulsive=(9,¢), with fdwf(r,0)=1. The grand canonical poten-
interaction u,¢(r,,r,,w;,w,) and a relatively small per- tial of the system in the external fie}dext(F,w) can be ex-
turbative attraction Upe (1,7, 01,,)=u(r1,l,,w3,0;)  Pressed ag2,25,23
—Uef(r1,ro,wq,w5). The former is treated as a reference

system. Here, the reference potential is chosen to be the [,(r,w)]= | drf,(p(r))+(1/B8)S+Qin
hard-sphere potential \%

wherec;=n;-n, c;,=n;-n, (n; andn, are the unit vectors

+oo, ryp=d —fdffd r —Vexdr 7
Ue11D={ ¢ | g (1) y wp(r,0)[p=Vex(r,®)], (7)
and the perturbative potential is in the form where u is the chemical potential of the systeng
=1/(kgT) (kg is the Boltzman constant and is tempera-
Uper('12,@1,©2) =[ Ugd(I 1) + Ugq + Udq+ Uga+ Ugq] ture), fns(p(r)) is the free energy density of the hard-sphere
reference system, and is the volume of the system. The
XH(rp—d). (2 term

In Egs.(1) and (2) d is the hard-sphere diameter,=|r )|
=|r,—r,| is the intermolecular distance, adi(r) is the

s:j drp(r){(In[47f(r,w)]) (8)
\
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accounts for the loss of orientational entropy in the referencéeature of the planar capacitor is that the electric field de-
system, and- - -)=[dw - f(r, o). pends only on the surface charge density of the two parallel
plates, but not on the distantebetween the two plates. The

The orientation distribution functioh(z,») can be writ- : . . L
(2,0) expression fo);,;/A in the thermodynamical limit can be

ten as a sum of an isotropic part &/4nd a small anisotropic

correctionAf(z,w) due to intermolecular and molecule-field written as

interactions, i.e., a, o im
G Hivw), Al fm = m A on| [ dzdzpzpiz
H(r )= Udm+AF(F0), Ab/f<l. © Vo= Lo ) L

. 2 2 .
Keeping the terms up tpAf|%, Eq. (8) can be rewritten as Xf dwldwzf(zl,wl)f(zz,wz)f f dAdA,
AJA

szzwf de(F)f do|AF(r,w)|?. (10)
\%
X

uper_gurzjer>(r12!wl!w2)! (13)

In Eq. (7), term Q;,,; denotes the contribution due to the
long-ranged perturbative part of the potentigl, and thus it  whereA is the area of the cylinder base ahds the axial
is dependent on the geometry of the dielectric system. Aength of the cylinder.
commonly used approximation to the pair correlation func-  Substituting Eqs(1)—(6) into Eg. (13), and carrying out
tion that appears in the expression(f,; is the MMF ap-  the limit A—o, we obtain the following form ofQ;,/A
proximation that approximates the correlation function byafter a lengthy derivatioisee Appendix A for mathematical
the Boltzmann factof2,25,23. As a result{);, is given by  details:

1 - - - - L2 (L2
Qint:_f drlf drzf dw1dwyp(ry,w1)p(ra, w;) lim mt:— lim f J dz,d2,p(21)p(22)
2BJv v Vo 2 . L -Lr2
Xe*ﬁuref(rlﬁ{l—eXF[_BUper(Flz,ﬁ)l,wg)]}- X (Z15,w1,w5), (14)
(11) where

For weakly dipolar fluids, Teixeira and Telo da Gaf®
proposed to expand the second exponential term in(E. lﬂ(le,wl,wz):f dowdw,t (21, 00)F(z,,w5)
in powers ofBup.,. If only the first-order term in the expan-

sion is kept, it essentially gives the random phase approxi-

mation (RPA) to the correlation function. As shown in Refs. X Peri(Ziz,01,02) (19
[2,25] the RPA cannot account for the multipolar contribu- 544

tion to the bulk and interfacial properties of the fluid; the

second-order terms in the expansion are needed for this pur- 4

pose. Thus, in the present work, we also truncate the expan- beti(Z12,01,02)= >, [PiProi(Z12)

sion after the second-order term. Finally, if the external elec- i,k=0(i<k)

tric field is uniform and has a magnitudg V. is given by +(1= 8 )P Pydi(z0].  (16)

Vex(r, @) =~ poE cose, 12 Here zyp=-2y=2,-2,, P,=Pj(cost) and P

= P;(cosb,) are the Legendre polynomials of th#n order,
Iand&, « is the Kronecker delta function. Functiog (z) are
polynomials ofuq andQ up to the fourth order. The explicit
Cexpressmns fowpi(z12) are given by the EqA24) in Ap-

endix A. In the following section, we will discuss how to

where angled is measured relative to the field direction.
To describe the planar vapor-liquid interface, we conside

a slab-shaped infinite system in which tkey plane is in

parallel with the surfaces of the slab and the uniform electri

field E is applied along the direction. Thus, the system is carry out the thermodynamical limit—o in Eq. (14), for
inhomogeneous only in thedirection and the density profile the bulk phases.

p(2) and the orientation distribution functiof(z,w) de- Since the planar system is invariant in the plane, the
pends only on the spatial variabte anisotropic part of the orientation distribution function

It has been shown previoudly] that in the presence of an Af f th | E
external field the free energy of a homogeneous dipolar sys- - (z,) is independent of the axial angle. Expanding

tem depends on the shape of the system. Hence, we fir§t' (z:@) interms of the Legendre polynomial of cayields
consider that the system is contained in a finite cylindrical- w0

shape volumeV. We then take the thermodynamical limit Af 2k+1 P.(COS 1
V— oo such that the system assumes the slab shape. Note that (2,0) Z ( )(2)Pi(cost), (17
the slab-shaped system considered here can be viewed as a

planar capacitor subject to an electric field. A nice and simplevhere the expansion coefficients

011203-3
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m(2)=(P(cos)) (k=12,...) (19) lll. BULK FLUID PROPERTIES

_ ) ) For bulk phases, densify and the order parameters,
are the orientation order parameters. We also defigrel, 5. andy, are constant. The expression for the interac-
which is consistent with Eq$9) and(18). tion part of the grand canonical potentid|,,/V in the ther-

Inserting Egs(9), (12), and(17) into Egs.(10) and(15)  modynamical limit can be written, on the basis of E¢fsl)
with using the orthogonality relation for the Legendre poly- 5nd(20), as

nomials, the grand potentifEq. (7)] in the thermodynami-

pal limit can be written as a functional p{z) and{7;(2)}, Qi L2 (L2
e. tim == L"i"w L7 dndzien, ea
Qlp(2) {m(2)} A where
= [ aztto@n+ 55] dzoia) 2 (2i+1) (2 ‘
- 2/3 Wzg)= 2 (62 + (160 bz 7 mi.
1 (> (= (25
[ [ dndzue.zpene

With the new variablez = (z,+2,)/2 andz;,=z,— 2z, the

w ® integral on the right-hand side of E@®4) can be transformed
—f dZ,U«P(Z)_f dzuoEp(2) 71(2), (190 as follows:
L/2 L/2 L/2 L
where J' f dzldzzw(zlz):J' dzsf dz15¢4(21)
L/2 L/2 —L/2 —-L
4 L
Wzz)= | 2 [0z 2 i) =L f _ Y7z (26)

+ (1= 68 ) m(Z0) 7i(Z2) pik(Z2D 1. (20) Using this expression, after carrying out the lithits oo, Eq.
(24) can be written as
Applying the variational principle to the grand potenfigh.

4
(19)] with respect top(z;) and {#;(z;)} vields a set of Qi p? ik
coupled integral equations: J'Lnx ~ 2 ik:%gk) [1+ (=10 —5 P77,
4 (27)
1
= pndp(z0)+ 55 2, (2i+1)9(21) ~ o m(22) where
+f dzy(z,,2,)p(2,), (21) <I>ik=f_w¢ik(2)d2- (28

1 1 . All ®,;, are finite, because for any indexesnd k with z

(z2)=6 = E—— f dz —oo the integrand in EQ(28) converges to zero ag;,
7(2) =013 Blo (2|+1)B —n < —1/z" (n=4) (see Appendix A Finally, in the thermody-
namical limit the expression fof)/V of the bulk can be

v written as

4
> izl z2)
k=0(i<k)

4

Q 1 2
S i =fp) + 5503, (2141724 5
+ 2 bik(Z20) 7k(Z2) Voo
k=00>K) )
X p(zp) (i=1,....9, (22 X > [1+(_1)(i+k)_5i,k]<bik77i7]k
i k=0(i=k)
e —pp— oEp 7. (29)
7i(z1)=0  (i>4), (23) We provide detailed expressions for dil, in Appendix

B. Moreover, noting thatby;, g, ®o3, Poa, P12, P14,
where unh«(p(2)) is the local chemical potential of the hard- ®,3, 4, and®,, are all equal to zerfsee Eq(B1)], the
sphere fluid, which can be accurately evaluated by using theinimization of lim,_,..Q/V [Egs.(29)] with respect td 7;}
Carnahan-Starling formulg5s]. yields the order parameters

011203-4
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MoE D
3kgT TkgT (30
71 N pq)ll' 73 71 N <D33P )
3kgT TkgT
and
7,=0,  74=0. (32)

With these results, after the minimization of |jm..Q/V
with respect tq, the chemical potential of the bulk fluid can
be written as

B #alp) 3
kgT kgT

2
3

.
Uene 57 D . (32)

P
2 ket
Using Egs.(30)—(32) the grand potential of the bulk fluid
[Eq. (29)] in the thermodynamical limit can be written as

1
v Pr(p) — m/ﬂz(q’oo+ 7i®11+ 73D a3

+211m3P13), (33

wherepy=pun—fy is the hard-sphere pressure. At a given
temperaturel, the coexisting vapor-liquid densitigs and

p, can be calculated by finding the simultaneous solution o
the grand potential equatiof(p,;,T)=Q(p,,T) and the
chemical potential equation(p,,T)=u(p,,T).

A. Zero field

In the zero field E=0), it follows from Eq.(30) that the
order parameterg, and 3 become zero. This is consistent
with the fact that there is no favorable orientation for the
dipolar-quadrupolar molecules in the bulk fluid phase. Here
after, we will use dimensionless quantitf = uo/(ed®)?
for the dipole momentQ* = Q/(ed®)? for the quadrupole
moment, T* =kgT/e for the temperaturep= (7wd>/6)p for
the density, ancE* =E(d%/€)¥? for the electric field. Be-
cause the MMF-DFT is only applicable for weakly dipolar-
quadrupolar fluids, the values of multipolar moment are cho
sen within the range € x5 <1 and 0<Q*=<1. In Fig. 1,

PHYSICAL REVIEW B8, 011203 (2003

T*

— (1y",Q"=(1,0)

- (1" Q1)=(0,1)
-m (g Q)=(1,0.8)
- (1",Q")=(0.81)
—— wNQ)=(11)

22

1.2
o]

0‘,1 012 013 014
FIG. 1. Vapor-liquid coexistence densities for the dipolar-
quadrupolar fluid with various given multipolar moments

(u5,Q%).

critical temperature difference grows faster with increasing
Q* than increasingu$ . Indeed, the fact that the critical
temperature for the fluid withg( ,Q*)=(0.8,1) is higher
than that with @& ,Q*)=(1,0.8) confirms thafl} has a
stronger dependence @t than onuf . This can be under-
]stood on the basis of the contribution of the attraction energy
d oo [Eqg. (B2)] to the grand potentidlEq. (33)]: the contri-
bution of dipolar interaction isg3)*/12, whereas the con-
tribution of quadrupolar interaction is (3/2@¢)* (in addi-
tion to the contribution due to the dipolar-quadrupolar
interaction to® ). Given the same dimensionless values of
no and Q* the quadrupolar interaction is 9/5 time larger
than the dipolar interaction. Note that for the limiting case of
purely dipolar Q* =0) and purely quadrupolar fluidu
=0), Eg. (34 reduces to the known relatiof2,23,44
To(ug)—Te(0)~ug® and TE(Q*)—T:(0)~Q**, re-
spectively.

Our results are in qualitative agreement with the MC
simulation of the LJ dipolar-quadrupolar fluids by Dubey and
O’'Shea[14]. For the given values of dipole and quadrupole
moments, the critical temperatures determined from the MC
simulation are given as followsl4]: T3 [(ug ,Q*)=(1,0)]

we plot the vapor-liquid coexistence curves for various given=1 41 TH[(uk ,Q*)=(0,1)]=1.60, and T*[(uk,Q*)

uo andQ*. One can see that for a givart, increasingug

=(1,1)]=1.79, which indicate thaE} has a stronger depen-

or Q* broadens the coexistence curves, decreases the vap@nce onQ* than onu? . Furthermore, Dubey and O'Shea

density n,, and increases the liquid density. For the

given (u3,Q*)=(1,0), (0,1), (1,0.8), (0.8,1), and (1,1)
the critical temperature3} is 2.06, 2.10, 2.15, 2.17, and
2.22, respectively. It is found that the difference in the criti-
cal temperature between the polar fluid and the nonpol
counterpart can be approximately correlated with the relatio

Te (kg Q)= TE (0.0~ g *+ 8 g *Q*2+ Q%
(34

and the correlation is better for smaller values,gf and
Q*. Obviously, the right-hand side of E¢B4) stems from

a

showed that foug =1, increasingQ* from 0 to 1 raise§;
by 27%, whereas foQ* =1, increasingug from 0 to 1
only raisesT: by 12%. They[14] also plottedT; versus
9*2 for u5?=1 andQ*?=1.0,1.5,2.0,2.5, and found a lin-
gar relation betweei* and Q*2, which is consistent with
our result[Eq. (34)], but only for Q*<1. It appears to us
that some points in Fig. 7 of Ref14] could be also con-
nected via a parabola, which would agree better with our
results for higher values dd*.

We also examined whether the coexistence densities sat-
isfy the law of corresponding states. In Fig. 2, the coexist-

those terms having multipolar moment dependence in thence curves in Fig. 1 are replotted with a rescaled axis
grand potentia[Eq. (33)]. Equation(34) indicates that the T*/T%(ug ,Q*). It can be seen that the curves nearly col-
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= 1 F T™
g — @ Q)=(10)
*o (#,2Q7)=(0,1)
= S (ke X
© o ey
.9 T LW,
|_
1.88
08
0.7 1.86
8, 01 02 03 04 ‘ n
FIG. 2. The same as Fig. 1 except the temperature is rescale %oz ooz 0.028 0.03 0032 n
based on the critical temperature. (a)
T*
lapse onto a single master curiexcept at the high densi- —— E*=00
ties), indicating that the law of corresponding states is largely b R
satisfied for weakly dipolar-quadrupolar fluids. This satisfac-
tion of the law of corresponding states was also seen in the
MC simulation of dipolar-quadrupolar fluidsee Figs. 8 and
9 of Ref.[14]). Moreover, we find that near the critical point
the difference in the coexistence liquid and vapor densities
also satisfies the mean-field scaling relation
1.86 |
m—ny~ Tl/z! (35)
_ o
wherer=1-T/T.(ug ,Q%).
B. Nonzero field 18 278 0282 0286 029 0294 n

Here we consider the effects of a uniform electric field on ®

the vapor-liquid coex!ste_nce fo% ,Q*)=(1,0.8). In F'g_' FIG. 3. The vapor-liquid coexistence curves foug(,Q*)

3, we plot the vapor-liquid coexistence curves for two given (1 o.8) and given electric field* =0.2:0.5:(a) the vapor branch
magnitudes of the electric fiel8* =0.2 and 0.5. Compared and (b) the liquid branch.

to the zero-field curves, it can be seen that increasing the

magnitude of the electric field narrows the coexistence o

curves, enlarges the coexistence vapor density, and reduces My~ Nu~75 (36)

the coexistence liquid density. This behavior is opposite to

that due to increasing the multipolar moments. As shown in

the preceding section, in the zero field all the order paramwherer=1-T/T.(ug ,Q* ,E*). The difference in the coex-
eters are zero. In contrast, in a nonzero field the order pastence densitieg, and 7, in the electric field still obeys the
rametersy,; and 3 became finitd Eq. (30)]. It is found that  power law of Eq.(35).

71 IS more sensitive to change in the magnitude of the elec-

tric field (Fig. 4 compared ton. Note that in Fig. 4, the

larger values ofp; correspond to the coexisting vapor phase IV. PLANAR INTERFACIAL PROPERTIES

and smaller values correspond to the liquid phlgge Note

also that although the coexistence density curves are not af- The density and orientation order-parameter profiles of
fected by changing the direction of the fielg, does depend the planar vapor-liquid interface can be calculated by nu-
on the field direction. The order parametgy is not plotted  merically solving the integral equatiorigl) and (22) using
here since it is about two orders of magnitude smaller thaithe iterative method9]. Generally, the initial input for the
71. Finally, we also find that near the critical point not only iteration is taken to be a step function having the bulk coex-
the coexistence-density difference satisfies the mean-fieldtence values. However, we found that the iteration becomes
scaling relation Eq(35), but also the difference in the order unstable for low values of*. This numerical problem be-
parameter;,, and 7, at phase coexistence satisfies a similarcomes more serious if the* or Q* value is large. The
relation for the given values d&*: nature of this iteration instability at low values @f has
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T*

21

19 +

17 +

15

13 : :
0 0.05 0.1 N,

FIG. 4. The orientation order parametg at vapor-liquid co-
existence for (5 ,Q*)=(1,0.8) andE*=0.2,0.5. At a fixedE*
the branch with the larger values @f, corresponds to the vapor
phase and the branch with the smaller valuegptorresponds to
the liquid phase.

been previously discussed in Réfl7]. It appears to be a
specific problem associated with the MMF-DFT.

It has been shown that for purely dipolf20,2,23 or
purely quadrupolar fluids in the zero figldl,46, the lowest
nonzero order-parameter profiless(z). In a nonzero field,
however, the lowest nonzero order-parameter profibg, (2)
for purely dipolar fluid[9]. On the other hand, for the

PHYSICAL REVIEW B8, 011203 (2003

0 . ‘ ‘ ‘ ‘ . .
-8 -6 -4 -2 0 2 4 6

(@)

N

-0.008

-0.016

AN ,
—— 1=0.05 PN

-~ 1=0.07 VA /.
- 120,09 VY ']

dipolar-quadrupolar fluid the lowest nonzero order-parametel

profile is still #,(z) even in the zero field. This can be seen -0.024 |

from Eqg.(22) whose solution gives the order-parameter pro-
files 71(2), 1,(2), n3(2), and n4(z), assuming that the
functions gy, ¢o2, P03, and gy, appearing in the integrals
are nonzero. In particularpy, contains termsxgﬁ’dq and
X35.qq [EQ. (A24)], which account for the coupling effect of
dipoles and quadrupoles, i.egg 44~ 16Q [Ed. (A21)] and
X500~ #oQ? [Eq. (A23)]. If either u, or Q is zero, both M
X34.dq and X35 q Will be zero and so wilkpy; . This explains
why the order-parameter profile,(z) is zero for purely di-
polar or quadrupolar fluids. On the other hand, functify
in the integral equation fom,(z) [Eq. (22)] is a sum of
functionsD, E, F, xqa.dq: @Ndx s 4q [S€€ EQ(A24)]. Since

D, E, and F ~ug, Xgaqq—Q* (see Appendix A and

X9a.dq~ #6Q? [Eq. (A19)], if u or Q is nonzeropo, will be
nonzero, and so will the order-parameter profjigz).

-0.032

b)

—_—

A. Zero field

First, we consider the temperature dependence of the in
terfacial profiles. In Figs. @ —5(c), we plot the number den-
sity and order-parameter profiles fond,Q*)=(1,1) and
various givenr. Figure %a) shows that the density profile (@)
7(2) is broadened with decreasing For 7<1 the interfa-
cial 10-90 widthW diverges as

——- =011
—-— 1=0.13

-8

-6 -4

-2

z/d

0.0009

0.0003 -

-0.0003 3
—— 1=0.05 R
~~~~~~~~~ 1=0.07 N
) N
——- 1=0.11 Ny
00009 - ___ ;943 !
N /
\‘/’
-0.0015 ’ ‘ ' ;
8 5 _4 2 0 2 4 6 Z/d

W~ 7~ 1/2

(37

FIG. 5. (a) The density profilep(z), and order-parameter profile
(b) 71(2) and(c) 5,(2) for (u§,Q*)=(1,1) and various givem
=1-T/Te(ug.Q*).
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Figures %b) and Jc) show that the two leading orientation M

order-parameter profiles;;(z) and 7,(z), are flattened and [~~~ S —— (1"Q7)=(1,0)
broadened with decreasing Recall thaty; and 7, are de- N e o)
fined as(cos) and(P,(cos#)), respectiveh[Eq. (18)]. The NN — - (1,".Q)=(08,1)
fact that#,(z) is negative across the interface indicates that NN T WA=

dipoles at the interface tend to align themselves pointing 92
towards the liquid47]; the fact thatr,(z) is negative on the
liquid side but positive on the vapor side indicates that mol-
ecules tend to orient their molecular axis in parallel with the
interface on the liquid side but normal to the interface on the
vapor sidg2,23]. o1
As a measure of the interfacial orientation order on the
basis ofy,(z), we define parametd® ,Ilz|min(971)|. We find

that for smallr, D,71 scales withr as

4]
D, ~r. (39) -8

71

Denoting the position of the minimum of;(z) to bez®) |
i.e., miny(2)= (21, the width of they;(z) profile canbe 1,
defined asw,, =z{"—z{", wherez{") andz§" are defined
from equation 71(25">zip)h) = 7:(Z" <z =0.17:(25)).
As such, we find thaW,71 diverges withr as

-0.01

W, ~7 12 (39)

71

The interfacial orientation order measured on the basis of e (Q)=(1.06) \ i

i i — - (1hQ)=(0.6,1) \ !
7,(Z) can be given by the dn‘ferenceD,,2 max () 002 - (Q9108) \ /

—mi i i === (1,,Q9=(08,1) ‘ /
min(z,). We find thatD,_ scales withr as B Y- \ /

D, ~7¥ (40) L

2

Denoting the positions of the maximum and minimum of -003 ¢ 5 ) 5 o > 4 &
72(2) to bez®@ andz®@ | i.e., maxy,=n(Z2,) and miny,

=na(Z5), the widthW, of the 7,(2) profile can be defined (b)

by 29-27, where 7,(2<z5)=01n,(zz) and

12(28)>23,)=0.19,(2%),). We find that widthW,, scales N ( . —
with 7 as ' — (4,Q)=(10) i
(Mo:yQ:)=(0y1) ,’ \
W, ~7 1/2. (41) 00008 - 77T (u,",Q")=(1,0.8) ," '\\

7 ——- (1" Q08,1)
? —= " Q=(1.1) N

z/d

The mean-field scaling relations, Eq40) and (41), have 0.0004 -

been previously obtained for purely dipolar flJig] as well

as for purely quadrupolar fluif46]. To summarize, all the

scaling relations Eq$37)—(41) seem to hold for all the con-

sidered u§ and Q*, and they hold particularly well for 0004 | N,

smaller values ofuy and Q*. ' NN
Second, we consider the multipole moment dependence of \ i

the interfacial profiles at a fixed temperature. In Figp) Gve 00008 1 \\ /

show the density profilesy(z) for T*=1.95 and various N

given (u§ ,Q*). It can be seen that increasing the multipole %2

moments makes the density profile steeper and reduces thy,

surface thickness. In the second column of Table | we show

the numerical values of the 10-90 interfacial width for the

given (ug,Q*). We find that forug =1, increasingQ*

from 0 to 1 reducedV by 41%, but forQ* =1 increasing

up from O to 1 reducedV only by 30%. Figures @) and FIG. 6. (a) The density profilep(z), and order-parameter profile

6(c) show the the orientation order-parameter profilgéz) (b) 7,(2) and(c) 5,(z) for T* =1.95 and various givery ,Q*).

0.0000

8 6 4 2 0 2 4 5 o/
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TABLE I. The 10-90 width of the interfac®v/d, the degree of Ag*

orientation ordeD,]l, the width of ,(2) profiIeW,]lld, the degree 4

of orientation ordeD . and the width ofy,(z) profile W,72/d for 4
T*=1.95, and various giveru ,Q*).
(45,Q*) Wd D, W,/d D, (x10% W,/d "

(1,0) 7.19 0.00 0.26 16.69 ;

(0,1) 6.03 0.00 0.47 12.72

(1,0.8) 514 1.28 8.79 1.01 11.63

(0.8,1) 481 161 8.27 1.24 11.06 08 |

(1,2) 423 274 7.36 2.31 8.93

e — (4"Q7)=(0.1)
06 - — e R (Mo:,Q:)=(1,0»8)

and 7,(z) for T*=1.95 and the same givenu§ ,Q*). In- e -
creasing the multipole moments increases the orientation or-
dersD,, andD, , and reduces the wid#, andW, . One %b.05 007 008 011 0.13

can also see in Table | that the valuedXf , D, , W, , and (@)
W, have a stronger dependence®@h than onug . Finally, Ap*

we find that the even-numbered order parametgfg) and e aO)
14(z) are independent of the sign &*, whereas the odd- e (0, Q)=(1,0.8)
numbered order parameterg (z) and 5s(z) will change e
their sign if the sign ofQ* is changed.
Third, we consider the electric potential junipe= ¢,

— ¢, across the interface. This spontaneous surface potentia
jump is attributed to both dipolé ¢, and quadrupolé\ ¢, 078 1
contributions, i.e.[16,17,48

+ o0 ,"' - I

Ap=Ap,+Agq, A%:“”J_ dzuomi(2)p(2),

2T 0.25 : ; ;
A@q:?Q(pl _ pv) . (42) (b) 0.05 0.07 0.09 0.11 %13
The quadrupole contributioh ¢, depends only o® and the FIG. 7. The scaled temperature) (dependence df) the scaled
difference in the coexisting liquid and vapor densities, anciuadrupole surface potentidlpg and(b) the total surface potential
not on the orientation ordering at the interface. However, théd¢™ for various given f.5,Q*). The inset to(a shows the tem-
dipole contributionA ¢, is strongly dependent on the orien- Perature dependence of the dipole surface poteuz] .

tation ordering. In Fig. {® we plot the dimensionless poten-

tial Ao} =Apq(d/€)’? on the scaled temperature for  potentialA¢p is also negativésee Eq(42)]. In contrast to
given (ug,Q*). It can be seen that for fixed, increasing A¢g, Agy for given 7 is more sensitive to the change of
up andQ* enlargesh ¢ , andA ¢y is much more sensitive uo thanQ*. In Fig. 7(b) we plot the full surface potential
to the change o®* thanug . This is because for fixedthe ~ A¢* versus r for the given (ug,Q*). Because|Agr|
electric potential ¢ is nearly independent qfg , but is <Ay , the full surface potentiah ¢* is always positive for
linearly dependent oi®* as shown by Eq(42). Near the the givenr and (u§ ,Q*). Changing the sign d®* to nega-
critical point the density differencg, — p, obeys the scaling tive will result in negativeAcpa‘ andA¢*, butAzp; will be
relation Eq.(35). Thus, on the basis of E¢42) we find that  positive.

for fixed (ug,Q*), potential Acpa satisfies the same Specifically, the surface potential of water can be calcu-

mean-field scaling relation as the Eg5), i.e., lated by using two popular water models: the §#%2] and
TIP4P[50]. The reduced dipole and quadrupole moments for
Ay~ (43)  the ST2 and TIP4P water models au§ =1.85 andu

=3.68, andQ* =0.19 andQ* =0.78, respectively. It can be
The inset to Fig. @) displays the dipole contribution to seen thajg of the TIP4P model is almost twice larger than
the surface potentiald ¢y , as a function ofr for the given % of the ST2 model, an®@* of the TIP4P is almost four
(m5 ,Q*). Note thatA ¢, vanishes for purely dipolar fluids times larger thai®* of the ST2. Assuming the present DFT
because thep,(z) profile is zero[see Eq.(42)]. Moreover, can be extrapolated to treat strongly dipolar-quadrupolar
becauser,(z) is entirely negative across the interface, thefluid such as ST2 and TIP4P water models, one would
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FIG. 8. (a) Temperature T*) and(b) the scaled temperature)(
dependence of the scaled surface tensidr= od?/e for various

given (ug ,Q*).

predict that Ag,(TIP4P)A¢,(ST2)>1, Ag(TIP4P)/
A@(ST2)>1, and Agy(TIP4P)A@y(ST2)>1. For both

PHYSICAL REVIEW E68, 011203 (2003

tropic intermolecular forces on the surface tension. Based on
the Fowler model interfacéabrupt vapor-liquid transition
they showed that for a given temperature the surface tension
of a pure quadrupolar fluid is higher than that of the purely
dipolar fluid, assuming the value @ff is the same a®*

(see Fig. 2 in Ref[1]). Their results are consistent with ours
[Fig. 8(@].

In Fig. 8b) we plot the surface tension versus the scaled
temperaturer for various given f§,Q*). Because these
surface tension curves do not collapse onto a single master
curve, we conclude that the principle of corresponding states
is not satisfied as far as the surface tension of the dipolar-
quadrupolar fluid is concerned. In contrast, for a purely di-
polar fluid, Teixeira and Telo da Ganjd] find that the sur-
face tensiono* does obey the principle of corresponding
states. Near the critical point the surface tension still satisfies
the mean-field scaling relation

o* ~ 732, (45)

Finally, we note that the surface tensieh is independent of
the sign ofQ*.

B. Nonzero field

The electric field effects on the interfacial order-parameter
profiles n,(z) and %,(z) are shown in Fig. 9 foff*=1.9
and (ug,Q*)=(1,0.8). Figure €a) shows that when the
applied field is in the direction from the liquid to vap@e-
ferred as the positive fiel@E* >0), values of|5,(2)| are
always less than or equal to those if the direction of the field
is reversed(i.e., the negative fielE* <0). Note that this
“symmetry breaking” behavior by reversing the field direc-
tion never occurs in purely dipolar fluids. In the dipolar-
quadrupolar fluid, however, the positive field induces a local
orientational ordering that offsets the spontaneous ordering
(produced in the zero fieldat the interface. On the other
hand, in the case of negative field the field-induced ordering
enhances the spontaneous interfacial ordering. Indeed, as
shown in Fig. %b), the positive field increases values of

water modelsA ¢ andA ¢, would have opposite signs. This ;. (7) [compared ta;$”)(z)] on the vapor side and decreases
prediction ywll bg in qualitative agreement with previous 7-(2) on the liquid side. In contrast, the negative field re-
computer simulatiofi51] and theory{52] on the spontaneous ducesz,(z) on the vapor side and enlarges it on the liquid

surface potential of watdb3].

side. This contrast becomes more pronounced as the magni-

Fourth, we consider the dependence of the surface tensiq(jge of the field becomes greater.

on the multipole momentyg ,Q*). The thermodynamical

In Fig. 10, we plot ther* -T* curve for three given values

surface tensiowr is defined as the excess of the grand po-of E* . |t can be seen that for fixe@* the electric field

tential per unit area
a=(Q—QPUK/A, (44)

In Fig. 8@ we show the dimensionless surface tensicn
=ag(d%e€) versusT* for various given 5 ,Q*). It can be
seen that for fixedl*, increasingug or Q* enlarges the
surface tensions™. It can be also seen that* is more
sensitive to the change @* than g . Haile et al. [1] de-

reduces the surface tensiorf . However, the reduction in
the surface tension is larger for the negative fiétt ex-
ample, when negative charges are put in the ligthdn the
positive field (when positive charges are put in the liquid
This result is consistent with the conclusion about the depen-
dence of the surface tension on the external field for a liquid
having a negative spontaneous surface potedtia), (see
Refs.[18,37)). As an example, fol* =1.9 the positive field
changes the surface tension by about 0.4%, whereas the
negative field changes it by about 1.3%. As a result, the

veloped a perturbation method to study the effects of anisoGibbs-Volmer critical nucleus formed on a positive-charge

011203-10



BULK AND INTERFACIAL PROPERTIES OF A . .. PHYSICAL REVIEW B8, 011203 (2003

L (o
0.15
— E*=0.0
—FE=05 TN E*=05
............ E*=0.2 ———- E*==05
---- E*=0.0
o1 r __ E*-—0.2
_ E~05 032 f
J—
0.05 ﬂ/
O bocme ~ ] 0.28
005k~ o e
\‘\‘\~_._.—~ _______ e 0.24 ) ) R
] ) ) ) 1.88 1.9 1.92 134
g -4 0 4 8 T
z/d _
(a) FIG. 10. TemperatureT(*) dependence of the surface tension
a* for (n§ ,Q*)=(1,0.8) in the zero field and in a positive and a
M, negative field, respectively, with the same magnit&de=0.5.

0.002

the bulk and interfacial properties of the fluid. Specifically,
we assumed the field is normal to the surfaces of the slab. We
find that increasing the multipol@lipole or quadrupolemo-
ment will increase the critical temperature and broaden the
vapor-liquid coexistence curve. The enhancement of critical
temperature and broadening of the coexistence curve is more
sensitive to the change in quadrupole mom@iit than the
dipole momeniug , as also shown in previous wofk1,14].
When a uniform electric field is applied perpendicular to the
surfaces of the slab, we find that the field reduces the critical
temperature and narrows the coexistence curve. We also find
that in the electric field and near the critical temperature the
N/ difference in the coexistence densjty—p, and order pa-
‘ ‘ ‘ rameter 7;,— 7y, both scales as 7?2 [r=1
-8 -4 0 4 8 —T/Te(10,Q,E)]. For small values of.y andQ*, the co-
z/d ; e - :
(b) existence densities satisfy the law of the corresponding
states. The sign of quadrupole mom&it and field direc-

FIG. 9. The order-parameter profile) »:(z) and (b) 72(z)  tion have no effect on the coexistence curve but the order
at the interface forT*=1.9, (u5,Q*)=(1,0.8), and various parameter;, is dependent on the field direction.
givenE*. For the planar vapor-liquid interface, even in the zero

. . . field the dipolar-quadrupolar molecules have preferred orien-
center will be bigger than that formed on a negative-charg I P guaciup " vep !

Jfation at the interface. The fact that the order parameter

center. As the Gibbs-Volmer critical nucleus is produced via : . C "
) . - z)=(P,) is negative on the liquid side and positive on
the thermal fluctuation, the formation of the critical nucleus”Z( )=(P2) 9 q P

th i h ticle will b babl d ththe vapor side indicates that molecules tend to lie in parallel
on the negative-chargeé particie will bé more probablé and e, the jnterface on the liquid side but tend to lie in perpen-

homogeneous nupleauon will proce_ed fas_ter on negativegic iar to the interface on the vapor side. Moreover, the fact
charge condensation centers assuming their quadrupole M@t the order parameter,(z) = (P,) is negative across the
mentQ* is positive. If Q* is negative, the reduction in the

: ) _ e interface indicates that the molecules prefer to point the di-
surface tension will be larger in the positive field, thereby

tes fast leati th i h q ole towards the liquid. The interfacial ordering character-
lt?cr)%mc(;r?tsersas er nucieation on the positive-charge condensg, by (P,) is due to the coupling effect of molecular di-

poles and quadrupoles; the ordering is nonexistent for purely
dipolar or quadrupolar fluids. In contrast, the interfacial or-
V. CONCLUSIONS dering characterized b§f,) exists even for purely dipolar
We have extended the modified mean-field density-and purely quao!rupol_ar fluids. Near.the critical point, the
functional theory[2] to study the bulk and interfacial prop- degree of the orientation order described by paramigter
erties of a dipolar-quadrupolar fluid in a slab-shaped systemapproaches to zero as and the degree of the orientation

We have explored the effects of a uniform electric field onorder described by the paramef®y, as 32,

0.001 |

-0.001

-0.002
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At a fixed temperature we find that increasing the multi-
polar (dipolar or quadrupolarmoment will lessen the width
of interfaceW, as well as the widths of the order-parameter
proﬁlesW,?1 andez; it will result in a sharp change in the

density profile, increase the degrees of the molecular orders

D, andD, , enhance the surface potential due to quadru-
1 2

polesA (,D; and the absolute value of surface potential due to
dipoles|A¢7 |, and the surface tensiar’. Near the critical
point, we find thatA ¢} scales as'? ando* as7¥2. These
mean-field scaling relations hold better for small values of
wé andQ*. We also find that many interfacial characteris- Using the expression fouy, [Eq. (2)], Eq. (A1) can be
tics (W, D, Dy Wy o W, Ag*, and o*) are more rewritten as

sensitive to the change of the dimensionless vadiethan

1o - Moreover, changing the sign @* has no effects on
the order-parameter profile,(z) and the surface tension
o*, but it does affect the order-parameter profilgz) and
the spontaneous surface potentiap* .

Finally, we find that at a fixed temperature the applied
electric field reduces the surface tensiefi. For a given
positive Q* the reduction in the surface tension due to the
field is greater if the field is in the direction from vapor to
liquid, compared to the field in the opposite direction. This
surface tension dependence on the field direction does n@jhere the bar notation
occur for purely dipolar fluids. We conclude that this appar-
ent “symmetry breaking” by reversing the field direction _ 27 o
suggests a molecular mechanism, without invoking explicit U(212!w1’w2)5f dﬁolzf dRyaRyp
anisotropic molecular structure, to explain the sign prefer- 0 0
ence in droplet formation on charged condensation center.
This can be understood as follows: when a negative charge
(anion is introduced into a liquid droplet, the anion yields a
negative field, that is, the direction of the field is from vapor  gyme terms in Eq(A2) have been derived beforgor

to the liquid drqplet. O_k;vioqsly, the cation counterpart will purely dipolar and quadrupolar fluidand can be found in
yield an opposite positive field from the droplet to vapor. Refs.[2,46];

Since the anion yields a smaller surface tension than the
cation counterpartassumingQ* >0), the classical nucle-
ation theory[37] should predict that the anion will lead to a
smaller barrier to the droplet formatiotA G*) than the cat-

ion counterpart. Because the rate of heterogeneous nucle-

ation is proportional tae~2¢*/%sT  the ion-induced critical
nuclei are more likely to form on negative charged particles.
Consequently, the fluid will have a negative sign preference
in the droplet formation on charged condensation center. On
the other hand, iR* <0, the dipolar-quadrupolar fluid will
have a positive sign preference in droplet formation.

2 +
¢eff(zl2-wlvw2):JO d<P12J'O RidRy,
X{uper(RIZ-Zlb‘PlZiwl!wZ)

2
_Euper(RlZ!ZlZvQDlZawlawz) .

(A1)

e B
Detf(Z12, 01, w7) =Uggt Ugq+ Ugg+ UggT qu_g[uoo+ Ugd

2
+ 2UggUqgqt 2udduqq+ 2u00uqqﬂL Ugq

+ (Ugq+Uga) 2+ 2Ugg( UggT Ugq)

+ 2Udd(udq+ qu) + 2qu(udq+ qu)],
(A2)

XU(R12,212, 010,01, 00)H(r 1,—d).
(A3)

Ugo=A, Ugg=BP1P1, Ugq=@qqP2P3,
U3=C.  Uodlaa=(HI2)P;P,
u3g=(X¥D+%E)+(4D+8E~ §F +G)P,P}

+(5D—3E+5F)(P2+Py),

_ .22 ’
UooUgq™= X00gqP2P2

2 _ .00 22 44
Ugq(Z,@1,®2) = Xqaqq™ XagaqP2P2+ XaqaqP4Pa
02 04
+ qu,qq( P2+ Pé) + qu,qq( P4+ P4,1)

(A4)
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where the expressions fé, C, B, H (B andH are propor-
tional to,ug), D, E, F,G(D, E, F, andG are proportional to
,ué), ®qq (proportional toQ?) are given by Eq(A14) in Ref.
[2]; the expressions fongs,, (proportional to Q?) and

00 22 44 02 04 24 .
Xqa.qa» Xaa.qq» Xqq.qq» Xag.qa» Xqq.qq Xaaqq (tNese six func-

APPENDIX A

In this section we derive the effective potenti&l;; aris-
ing in Egs.(15) and(16). Expressing vector,, in the cylin-

drical coordinate$r;,= (Ri2,215,¢1,) ], from Egs.(13) and
(14) we obtain Eq(15), in which ¢¢¢; is given by[2]

tions are proportional t®Q%) are given by Eqs(A10) and
(A14) in Ref. [46] Note that in Eq.(A4) those terms that
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involve co$n(e;—@,)] are not considered here because the _gn? E C(123: 0
orientation distributionf is independent ofp and thus the Upq(Z12, @1, w2) =87 '“Oleerz:o (123;m,,m;,0)
integration overy for those terms vanishes.

Now we present the results for the rest terms in B@). +o RidRy,
These terms are due to coupling effects of dipoles and qua- XYlml(“’l)YZmz(‘”Z) 0 r4
drupoles. To this end, we write the interaction enemy, 12
between the multipoles of ordés and |, (for linear mol- X H(r1,—d)P3(cosbyy). (A8)

ecule$ as a sum of spherical harmoni¥s,, [44], . ) . ) )
SinceP5(cos6,,) in the above integrand is a polynomial of

C0sfy,=124,/r1, Of order 3, the integral in EQq.(A8)

Al
1'2 H
= 51 Q,Q, > C(lylylg;my,my,my) can be r(?]duced to a sum of_ the integral
rs my,Mp, M3 Jo "RidR/ri,H(r,—d), wheren is an integer greater
. Wi =JR%,+72 i
where |my|<Iy, [my<l,, mg=mi+m,, l3=I;+1,, Q L |24 <d
=upo, Q,=Q, C(ll,l3;m;,m,,m;) are the Clebsch- +2 Ry,0Ry, 1 dn—2
Gordan coefficients in the Rose conventi@¥], and w;, o H(r o d)_—(n—Z) 1
denotes the orientation of the intermolecular axis in the 12 . |zd>d
space-fixed coordinate system. CoefficieAt§|2 are given |z45" 2
by [44] (A9)
a (—1)'2 [ (4m)32l5+1)1 Y2 " Substituting Eq(A9) into Eq. (A8) gives
e @) (@D A9 Uaa=x2P1PY (A10)
We now consider the terms involving multipoles to the \ypere
second order. Substituting EGA5) with 1,=1, 1,=2 into
Eq. (A3), we obtain 23z
T 3| —=— 51,
" . Xégz MOQ d3 d | | (All)
(4w d?
uquW,U«oQ mz 5 C(123;my,m;,my) 0, [z>d.
=
My My=mg Equations(A5) and (A6), and the relationC(213;m,m;m)
=C(123;m;m,m) [44] together result in the relation
+2 Ryxd Ry — -
XY1m, (01)Y2m,(@2) 2 U1AZ12,@1,@2) = —U2(Z1p, w2, 04). Thus,
0 r,
) Uga= ~ XdgP1Ps- (A12)
XH(rlz_d)jO Yam,(©12)de1,. (A7) A derivation of Ugg(Ugq+ Uqa) S Straightforward because it

has the same angular dependencélgg+ uyq), that is
Using the relation between the spherical harmonics and as-
sociated Legendre polynomials —_— Y
9 poly Ugo(Ugqt uqd):X(l)(Z),dq(PlPZ_P1P2)v (AL13)

1/2 12

(21+1) (I—=m)! where
—(_1\m
Yin(0:0)= (= D" =] | T
3
X PM(cos@)e™?, 5z 1z <1
| 3 1 | |
TulQ? 19| 11a® 3d
the relation Xéémf —e———T12\|=
d 7| 4 z2¢f
Y —m(@)=(=1)"Y{ (o) 331 l2/>d.
and (A14)
(1—m)! Derivation of other terms, ugquqq, (Ugqt uqd)z,
Pl—m(x)z(—l)m(I e P"(x), Ugg(UgqtUga), and Ugq(UgqtUqq) requires the expression

of Uy, U Substituting Eq(A5) twice into Eqg.(A3) and
and the orthogonal relatiofé”e' (M ™)¢dp=2m8,w, Eq.  taking the integration over the angls, yields
(A7) can be written as
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[(2l5+1)(205+1)]42 53 2

2

(Iz3—mg)! (13— mg)!

(I3t mg)!(I53+mg)!

U Ui =An AL QL QLQI QN

T
mg=—13

XC(lalal3img,my,mg)C(131513:my My, — m3)Y'1m1(“’1)Yl*im1( wl)lemz(wz)Ymez( @)

f“’ RidRy,

X ;

0 r|3+|3+2
12

H(rlz—d)PI";3(c05612) P;m3(cosalz), (A15)
3

where m;+m,=m;, m;+m;=-—mjz, and |3=min(3,l3). ) 1, |z=d
m 7m3 . ar 2
P|33(005012)P|é (cos#y,) are polynomials of co8,;, 00 #aQ 2] o

Xda,da™ d® 3| =, |z>d,
z

=12,,/r, with the highest ordet;+15. With the necessary
l1, 15, 17, 15, Eq. (A9) and some relevant relations for the
Clebsch-Gordan coefficients and spherical harmofves,

all the requiredJ|1|2u|£|é can be obtained after some lengthy -5 4 72
algebraic manipulation. The results are detailed below: 2 505 —84— +45—+4, [z]<d
1 TuoQ° 3 d d d
P ! ’ ' X s =T & En
UgaUqq=Xdd.qaP1P1+ Xad.qaP3P3t Xdaqq(P1P3+P1Pa), dadaT gs 50| ge
(A16) 155 |2|>d,
where
972 4 12l<d 108 z* 18§+4 2<d
TS5 5 < —_—- VRS
11 _ WMSQZ § 5 d2 5 22 _ WM%QZ E 7 d4 d2
Xdd,qq d® 5] g¢ Xdg,dg™ 4® 6] 104°
= lZ>d, 75 |2|>d,
Q% 3
de’qq_ d6 80 33 WM%QZ 3
Xdq,dq™ d° 100
vl z4 1239722 84 _q
P e s s - 3752—6 600—4+ z 4, |z|=d
X 5600 +5 g4 s
g6 d d d
PR 55 d
- — >
7 5 |z|>d,
10 ¢ 517 +6 2l<d
—_— — =, Z g
13 _ W'U“%QZ 3 d* Sd* 3 2
de,qq__ d6 % 6 gz__f |Z|Sd
= |z|>d; o 7ulQ? 17| 5d> 5
Xdada™ ~ 6 29
(A17) ada g6 42| g6
;, |Z|>d,
(Ugqt qu)2:ng,dq"'X(ljth,dqplpi"'xgé,quZPé
+X§2,qu3P§+ng,dq( Po+P5)
o4 s o 92z 1357 L9 _q
+x36.dq(Pat Po) + xao aq(P1P5+P1P3) Q1|24 B 1 lz|=
+ X dq(P2P4+ P5Pa), (A18) Xdada™ 36 &) g gb
a0 12>4d,
where 28 46 Ed
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25285 z* 7572
2025 | 208 gt At A=
o TuiQ? 3 d® d d
Hoada™ s 50| 15 g0
Z 5 |Z|>d,
QAL
Xdada™ " 6 6
2257° 1305z* 15937 27 4
¢ 14 g a0 g 10 AS
X
9 d°
5—6;, |Z|>d,
(A19)

— 0 03
Ugd(Uggt Uga) :Xd%i,dq( P1—P1)+ Xdd.daq(P3—P3)

12 23
+ Xad,dq( P2P1= P1P2) + XGd,dq

X (P,P3—P,P3), (A20)
where
z
-, zl=d
o Tu3Q 2 12| d
Xddde™ " T 5 55 d5
d S 2>,
5
z2 4z 2<d
——4—, |z|=
3 1
s muiQ 1| o d
de,dq__?l_o 5
—, |z|>d,
= I
"4, |g=d
— —4— zl<
3 ,
o mmQ 1| d*
de,dq_TE 4
2—5, |Z|>d,
z
z° z° z
, 90 ~1275+38;, |z/=d
23 . 7T,bLOQ1 d d
Xddda= " "5 10| 45
;, |z|>d;
(A21)
and

PHYSICAL REVIEW B8, 011203 (2003

uqq(udq+ qu) = ngd,qq( Pi_ Pl) + Xg?a‘qq( Pé— P3)
+ Xa2 qq( P1P3— P1P2) + xaa qq(P1P4

—P1P4)+ X349 P2P3— P2Ps)

+ Xaaqa PaP4— P4Pa), (A22)
where
01 __7T/J’OQ i
Xdg,aq™ 47 10
z/ 19725 78 z
———=—+5—+—-=, |Z]=d
d? 2 g5 g 4d’
X
7 d’ 2> d
A 1 Z H
4 57
03 __WMOQsi
Xdg,aq™ 47 10
5z7+1925 3z3 3z g
-5+ _3———= <
d° 2d° g 4d’ 12
X
3d’
Z;’ |Z|>d,
3
12 _7T,LL0Q 3
Xdgaa™ 47 35
25{ 95 7° 2 43z _q
7 2@ Ve aa IS
15d’
1—7, |Z|>d,

z/ 3357° 22 9z
37—+-=, |z|=d

By 2 ¢ Vg aa
13d’
_Z§’ |Z|>d,
3
23 _ ,n-/'LOQ 3
Xdgga~ ~ 47 35
o5 85 77t 2L Jd=d
— 77—+ == <
o e @z ad 12
X
7
E;, |Z|>d,
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_ mueQ® 18
47 560

(A23)

To expressd.is in the form of Eq.(16), we insert Egs.
(Ad), (A10), (A12), (A13), (A16), (A18), (A20), and(A22)
into Eq. (A2). With some arrangement and expressing th
outcome as an expansion BfP, terms, we obtain Eq.16)
in which coefficientsg;, are given by

Poo=A—(BI2)(C+ED+FE+xq0dqF Xonqq)-
$11=B—(B12) (X§t,aq+ H+ 2X0.q0)-

b20= 0qq— (B12) (X35 4qT D +8E

- %F +G+ 2)(Ségq+ Xczqfq,qq ,
b33=— (B2 (X3 dqt 2Xa3q0)»
baa=~ (B2 Xgg.qq-
b01= ~ B(XGa.dq™ Xd6.q0):
bo2=—(BI2)(§D—SE+3F + xqadq™ Xaaqa)»
bos= ~ B(XdadqT Xdgaq):
bos=—(B12)(Xdg,dq™+ X9a.q0)»

_ 12 12 12 12
$12= Xdq— B(Xoogq™ Xdd,dg Xda.qq)»

e

PHYSICAL REVIEW E68, 011203 (2003
$15= = (B12)(Xdgaq™ 2Xddq0):
b14=~ BXiigaq-
bo3= _B(Xczjﬁ,dq+X§2,qq)-
$24= = (BI2)(Xq.dqa™ Xag,a0):

$34=~ BXaqaa- (A24)
Here, the¢;(z) coefficients are those with<k. We can

introduce theg;(z) coefficient fork>i, such thate;.(2)
= ¢;(z). Note that all the coefficients satisfy the condition

di(2)=(— 1)(i+k)¢ik(_ 2).
APPENDIX B

In this section, we present a list of the calculated integral
& =2 pi(2)dz which is required to deduce Eq&7)
and(29):

D= Pp=P 3= Pos= P 1= P1y= Pr3= P ps=DP3,=0,
(B1)

16 2 1w
_ 3 Y
3 Wfd{ (3+1262d6
3 Q% 3 Q

20 €2d8 20 62d10 !

243 Q2
85T

€
1+ —

Poo= KeT

(B2)

8
q)11:§ mo| 1

® 4 T

1, 3wQ* 12Q°
1540735 2 49t

_ 108 pQ?
AT TR

e uie?
U875 o Th

(B3)
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