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Adsorption phenomenon and external field effect on an isotropic liquid containing impurities
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The steady-state distribution of ionic charges in a liquid, in the presence of surface adsorption, is determined.
The effect of an electric field applied by means of blocking electrodes is considered. The analysis shows that
the surface adsorption of ions dissolved in the liquid is responsible for an asymmetry in the electric-field
distribution. In the model, the liquid is assumed to be dielectric but to contain impurities. These impurities, by
means of a chemical reaction, can bring about ions. The theory takes into account the activation energy for the
ionization chemical reaction and the adsorption energy of the ions at the surface.
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[. INTRODUCTION In this paper, we present a more general model to deter-
mine the equilibrium distributions of charges and fields in an
The influence of adsorbed ions on the molecular orientaisotropic liquid containing ions, submitted to an external
tion of a nematic liquid crystalNLC) with ionic conductiv-  field, removing this simplifying hypothesis. The liquid is as-
ity (i.e., a weak electroly}ehas been investigated in recent sumed to be dielectric, but containing impurities able to give
years in connection with both surface and bulk phenomenaise to ions by means of a chemical dissociation reaction.
The ionic adsorption can be the main mechanism to explaiThe activation energy of this chemical reaction enters in the
the thickness dependenf®] of the anisotropic part of the model. We suppose that the electrodes are perfectly blocking,
anchoring energy connected to the NLC-substrate interfacand the surfaces are assumed to adsorb positive ions with a
[2-8]. It is also responsible for the presence of a surfaceyiven adsorption energy. The model is built in the framework
electric field, which can induce destabilization in the NLC of the Poisson-Boltzmann theof§]. The basic assumptions
orientation[5,9], or for the observed surface polarization in a of this theory are thati) the ions can be considered as di-
hybrid NLC cell[10]. The phenomenon of ionic adsorption mensionless point charged;) the surface charge is assumed
has been recently invoked to explain the asymmetric electrato be uniformly smeared over the surface; diiid the elec-
optical response in a LC cell, for which experimental evi-trolyte solution is described as a continuum with uniform
dence of a polarity-sensitive response has been repdri¢éd  dielectric constant. In the absence of an external field, it is
As is well known, the adsorption of ionic impurities pro- possible to determine, by means of the proposed model, the
duces a counterion cloud forming a diffuse electric doublechemical potential and the electric potential profile in the
layer in the liquid[12], which gives rise to an internal field. sample. For this situation, one observes that, once an adsorp-
The asymmetry in the electric-field distribution that resultstion energy is fixed, in the limit of small thickness the sur-
when an external field is combined with the internal field,face charge of adsorbed particles presents a linear behavior
due to the surface adsorption, has been used as the meclwith the thicknessl. For very large values d, the surface
nism to explain the dc switching of a liquid-crystal display density of charges tends to a saturation valég In the
[13]. The problem has been solved in the situation of a stati@bsence of an external field, the electric potential due to the
equilibrium field distribution under constant voltage acrossadsorption phenomenon is symmetric only if the adsorption
the cell, whose thickness @ for which the rationp /d isnot  energies on the two surfaces have the same value, as ex-
small, where\ is the Debye screening lengfth4]. pected. When an external field is applied, the potential at one
In the theoretical analysis presented 1], it is assumed of the surfaces increases, whereas the other one decreases.
that there are equal amounts of positive and negative ioni€his is the reason why the final distribution of the field be-
charges per unit area in the liquid, but that some of theseomes asymmetric. This asymmetry is also present in the
charges are stuck at the walls by electrochemical forces. Theurface charge density at both surfaces. We show that the
immobilized ions at the surfaces are assumed to be of negadensity at the surface of a high potential decreases rapidly
tive sign and represented by a surface charge density. It with increasing external voltage difference due to an external
supposed to be independent of the electrical potential differpower supply. On the contrary, the surface density of charge
ence applied by an external power supply to the LBl at the surface of a low potential tends to a saturation that
However, as is well known, the adsorption phenomenon oflepends on the bulk density of ions.
ions from a solid surface depends on the actual electrical In Sec. Il, the model is presented and the basic equations
potential, due to the electric charges of the external origirare discussed. There it is shown that, according to the value
and to the adsorbed charges. Hence, the hypothesis that tbe the external difference of the potential applied to the
surface density of adsorbed charges can be used as a contsaimple by an external power supply, two regimes are pos-
parameter to describe the charge and field distribution whesible. The border between the two regimes is fixed by the
intrinsic and voltage-induced charge layers are combined isurface density of ions, originated from the chemical disso-
guestionable. ciation of the impurities present in the liquid. In the low-
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voltage region, discussed in Sec. Il A, the electric field in thesorbed. The adsorption energy can be identified with the
sample changes sign. On the contrary, in the high-voltagelectrostatics interaction energy of an adsorbed ion with its
region, considered in Sec. Il B, the electric field is every-image in the substratghysical adsorption[18].
where oriented in the same direction. In Sec. lll, the charge Let us now establish the fundamental equations governing
and the field distributions, obtained by numerical calculationour model. We consider that only the internal charges can
are analyzed. An approximate analytical expression for thenove to the surface. The external charges supplied to the
critical voltage separating the two regimes is also obtainedsystem remain in the surface and are separated from the lig-
In Sec. IV, a possible generalization of our model isuid by the blocking electrodes. In this manner, the surface
sketched. The main results of the paper are discussed ttensities of charges will have both the internal and the ex-
Sec. V. ternal contribution, which, as we shall show later, gives rise
to an asymmetry in the surface density of charges. The first
Il. THE MODEL requirement to be satisfied by the system is the conservation

) _ ) of the number of particles, per unit surface, namely
Let us consider a cell in the shape of a slab of thickmkss

filled with a liquid characterized by a dielectric constant N,+N_ o1t oy

but containing impurities that, by means of a chemical reac- o +Ng+ T Nod, ©)

tion, are the source of the ions. The activation energy of this

reaction will be indicated b¥ ,¢ivaion- The liquid is globally — where

neutral and we consider first the general case in which the an i

sufaces are not identical, i.e., the adsorption energy is differ- _ B B

ent on each surface. N.= J,d,zni(z)dz and Ng= f,d,znb(z)dz_nbd'
We use a Cartesian reference frame whpseis is nor- (4)

mal to the limiting walls, located at==*d/2. We assume

that all the physical quantities entering in the model are onlyJsing the definitions ofn.(z) and o; given above, it is

z-dependent. The distribution of charges produced by th@ossible to rewrite Eq(3) in the form

ionic adsorption gives rise to a liquid that is locally charged

but globally neutral. For simplicity, we assume that only

positive ions are adsorbed, and in Sec. IV a possible exten-

dr2

e/‘{ noe*AJ’ coshy(z)dz+ nyd
—d/2

sion of the model is discussed for the case in which both

positive and negative ions are adsorbed. We denots, liiye N Nje 17 Y14 Nye A2 V2 —ned 5
bulk density of impuritiegin an infinite samplg which will 2 o=
be the source of the ions due to the chemical reaction men-
tioned aboveinternal charges The equilibrium distribution  In this case, the chemical potential is given by
of the bulk density of nondissociated impuritiés., those .
that remain neutralis given byn,=nye*, where u is the —p_ —A— S

) e . =1+ -— 17 V14 272
chemical potential ikkgT units. In the same manner, the bulk € 1 2nqd (Nse N2e )
densities of positive and negative ions are given by o8 ran

ni(Z):noeM7A1¢(Z), (1) + TJ‘,d/ZCOShw(Z)dZ. (6)

where A =E,cvaion/ KsT is the activation energy ang(z)  This equation connects the chemical potengialwith the
=qgV(2)/kgT is the electrostatic energy of the chargen surface potentialgy; and i,.

kgT units. In our analysis, we assume that the liquid is lo- e are interested in the final equilibrium distribution of
cally neutral in an infinite sample, in the absence of the adcharges and field when the applied voltage is held constant,
sorption phenomenon. This condition fixes the zero of thq e, no transients are considered. In the framework of the
potential. In the Maxwell-Boltzmann distribution of ionic Poisson-Boltzmann theory, in the Steady state the Charge dis-

charges in the sample, when the adsorption phenomenon fgbution and the electrical potential are related by Poisson’s
present and the sample is submitted to an external field, thequation,

potential is measured with respect to this ground state. The

activation energye ,.ivaiionCan be identified with the electro- d2v

statics interaction energy between the positive and negative 2z ;[m(Z)—nf(Z)], (7)
ions resulting from the dissociation of the particle. The sur- z

face densities ofinterna) adsorbed charges are given by which can be easily written as

(Ti:Niel'L_Ai_wi for i=1,2, (2)
— = erAgj

where ¢, = y(z= —d/2) and ,= )(z=d/2) are the values dz2 L2 © sinhi, ®

of the surface potentials, ardl, and A, are the adsorption

energies of the surfaces, measurellgii units. Furthermore, wherel = (ekgT/2n,q%)*? is an intrinsic length of the prob-

N; is the surface density of sites where the ions can be adem. This length is connected to the Debye screening length
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\p through the relatiofi6] Ap=Le*. A first integration of v d - d
Eq. (8) can be easily performed giving f -
y* \Jcoshyr— coshy™ 1 coshy— coshy*
1/dy 2 erA d
5\ dz :?[COShlﬂ(Z)H:]- )] =2 Ee(;wA)IZ_ (14)

wherec is an integration constant to be determined by theFurthermore, by using Eq$10) and(13) we have
boundary conditions. The electric field E{z) = —dV/dz= 3k 3
—(kgT/q)d¢/dz In the absence of an external field, its sur- BT (. av O+
face values ar€(*d/2)==qo; »/€, and outside the slab 92L el \/COSh‘ﬁl'z_ coshy* = € (15
the field is zero because the system is globally neutral. No-
tice that if the adsorption energie8{ andA,) are different, The fundamental equations of our model are Es. (14),
or if the densities of sites on the surfacd$,(andN,) are  and(15). We have to solve this system of four equations to
different, the electrical potential is not symmetric with re- obtainu, ¢4, #,, and4*. Once this system of equations is
spect toz=0 also in the absence of external applied voltagesolved, it is straightforward to obtain the surface charge den-
When an external field is applied, the above conditions besities o; by means of Eqs(2). As it follows from these
come equations, the surface charge densities depend on the exter-

nal charges at the surface through the chemical potential and

kBT(dzp) . T1oF
*di2 €

the electric potentials at the surfaces.
E(rdD)=-—| 5 P

q , (10

B. High-voltage region

whereZ, is the surface density of external charges. Equations The border separating the two regimes is defined by
(10) are written by assuming that the surfacezat—d/2is  ¢,(3.)—2.=0, whereX, is the critical surface density of
connected with the negative pole of the external power supexternal charges. FQ¥ =3, ¢*(3.)=¢1(3.), as it fol-
ply. The requirement that the system is globally neutral canows from Egs.(15). In the high-voltage regime, the ad-
be expressed as sorbed charge, at= —d/2, is then smaller than the one sent
by the power supply on the electrode. From Ed€), we
(11) now have thate(—d/2)<0 andE(d/2)<0. The electrical
potential is a monotonic function afand, consequently, the
electric field never vanishes for d/2<z=<d/2 [16]. In this
which, with the help of Eq(1), can be written in the form  case, from Eq(9) we obtain

dr2 d/2

n_(z)dz,
dr2

n+(z)dz:f

U'l+0'2+f o

0'1“1‘ 02:2nOeM7Af

di2 i d d
sinhy(z)dz. (12) f 2 4 _ 2 —elw=22 (16)
d/r2

y1 \Jeoshy+ ¢ L

A simple calculation shows that E€L2) is an identity if Eqs.  connectingc to ¢, and ¢,. By using Egs(9) and (10), we
(10) are taken into account. This means that it is equivalendeduce that the boundary conditions read
to Eqg.(10) [15]. In order to solve the problem under consid- . \/5 -
eration, we consider the two separated cases in whigch B (w—A)I2 _ =012

- . . — € Jecoshyy »+c= . 1
—3>0 ando,—3<0, defining, respectively, the regimes q L V1.2 a7 (17)
of low and high external voltage.

In this regime, the fundamental equations are E6)s.(16),

A. Low-voltage region gngr(]gd). These equations give, 1, ¥,, andcin terms of
We limit first our analysis to the case of low external

voltage, wheres;—3=0. Since in our hypothese(z= lll. THE CHARGE AND FIELD DISTRIBUTIONS

—d/2)>0 andE(z=d/2)<0, the electrical potential has a

minimum at some point* in the sample, where the electric  |n this section, we shall consider the particular situation in

field vanished 16]. It follows that d¢/d2),-,«=0, and in  which the adsorption energy is the same at both surfaces, and

Eq. (9) the integration constarttcan be written in terms of  the system is submitted to an external field. The purpose is to

Y* = (z*) asc=—coshy*. From Eq.(9), we obtain obtain the charge and field distributions in the presence of an
applied voltage, taking into account the phenomenon of ionic
d_‘/’ _ ;‘/_Ee(,ﬁm/z\/m (13) adsorption. The problem is analyzed in the framework of the
dz L ' model presented in the preceding section. The solution of the

system of four nonlinear equatio®), (14), and(15) in the

where “—" refers to the region—d/2<z<z*, and “+” low-voltage regime and Eq$6), (16), and(17) in the high-
refers to the regioz* <z=d/2. Equationg13) can be inte- voltage regime is searched numerically. To do this, we start
grated to give with an estimation of the parameters entering in the model,
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FIG. 1. The behavior of the surface charge densities as a 0.0 0.1 02 03 0.4 05 06 0.7 0.8
function of the external charge densi®y. In (a), (o;—2)/N vs /N
3/N is reported in the two regimes of low and high applied voltage. ) ) B
The border between the two regimes3g/N~0.46, where this FIG. 2. (a) Surface electrical potentialf; andy, and the mini-
difference changes its sign. i), o»,/N vs S/N is shown. The ~Mum value ofy(2), ¢* vs the external charge densityN; (b) the
curves have been depicted 8.0 andA=—0.1. voltage difference across the samglge— ¢, vs 2/N.

Fig. 2(@), the minimum value off, ¢* =(z*), versusy, is
as was done irf6]. We assumeAd=8.0, N;=N,=N, and  also reported. It presents a maximum BfN~0.25 and it
A;=A,=—-0.1. We work at a fixed thicknes$/2L =200, decreases abruptly to zero fBr—3 .. Our analysis shows
which implies thalhp~0.6 um andd~4 um. Using these that 4* — i, for > —3 .. However,y;—0 in a monotonic
estimations, we can determine the electrical potential and thevanner, whereag* for <3 . increases up to a maximum
field profiles in the regimes of lowo(;>%) and high ¢;  value, and then it decreases to zero. In Figp) 2the actual
<2)) external potential, at a fixed,d/N=0.85. voltage difference across the samplg— ¢, versus is

In Fig. 1(a), we report the differencer;—2 versus, shown. As expected, fa¥ very large it tends to be propor-
where2 represents the external charge density sent by thgonal to 3.
power supply on the limiting surfaces. This quantity de- The chemical potentigk versuss, is displayed in Fig. 3.
creases rapidly with®, and vanishes fo2 =3 .. For X As is evident from this figure, in the absence of an external
>3, 01— 2<0. Notice that for> =0, o, coincides with field (i.e., for =0), u(2=0) is rather small in absolute
the adsorbed charges density in the absence of an externallue and depends oA, A, andd. x« changes very much
field. It depends omA, A, and d. For very large2, o; with 2 and tends to-« for 3, — . In fact, in this limit all
—nod. In this limit, all positive ions are adsorbed on the the positive ions are adsorbed at the surface at a lower po-
surface az= —d/2, connected with the negative electrode oftential, and an exchange of particles between the surface and
the power supply. Figure(f) shows the surface density of the bulk becomes impossible.
adsorbed charges verskisat the surface at a high potential. ~ The electrical potential profiles for vario® are shown
This quantity is a decreasing function bf The trends ofr;  in Fig. 4. The dashed curve corresponds to the case in which
versus2, can be easily understood taking into account that the electrical potential is due only to the adsorption phenom-
are given by Eq(2), in which the surface electrical potentials enon ¢ =0). In the symmetric case under consideration
¢; are introduced. (A1=A,,N;=N,), #(2) is an even function of, with re-

The dependences @f versus are reported in Fig.(2).  spect to the middle of the samp(at z=0). The other curves
The potentialy, is a monotonic decreasing function Bf correspond to%/N~0.4 (low-voltage regimg and /N
whereasy, is a monotonic increasing function &f. Notice  ~0.7 (high-voltage regime For the case we are illustrating
that for=—3 ., ¢, vanishes. Fok >3, ¢, is negative. In  here, the border between the two regimex j$N~0.46.
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=N 22/d
FIG. 3. Chemical potentigk vs 3/N. FIG. 4. Electrical potentials(z) vs 2z/d. Dashed curve corre-
. . o . ) sponds toX/N=0.0 (no external potential dotted curve ta>/N
Finally, in Fig. 5 the electric-field profiles for variodS  <( 41, and solid curve t&/N~0.72.
are reported. Notice that, as pointed out before,¥er>,
the electric field changes sign across the sample, whereas for
¥2  coshy

3, >3 it has the same direction everywhere. Ity i) = _ Y
As stated aboves. . is the border separating the two re- R ¥1 yJcoshy+c

gimes. It is possible to obtaiB, by operating on the funda- zng

mental equations of the model. Let us consider these equa-

tions in the high-voltage regime. We can rewrite E&).and ¥ dy
Eq. (16), respectively, in the form I Uy c]= —_ (20
L vaic] 1 eoshyg+c
1
“H=14 —— [N,e A% —Ao i
e f=1+ 2nod [Ny "7+ Ny e v2] In this manner, by using Eq20) it is possible to rewrite Eq.
(18) as
L
+—=—e IRy ] (18 1
v2d e h=1+ ———[Nje A1 Y14 Nye Ao 12]
2nyd
and . pic]
re A TR (21)
2d I s C
W paicl- Le-o 19 W]
From the definitions of the surface charge densitigs (2)]
where we haves(2)=e* 17" je.,
|
Nle*A1*¢1
o1(2)= . (22)
! 1+[Nge MY+ Npe A2 Y2)/2nod + e ™ 2 ¢y, ¢ho; )1 [ Y1, 25 C]
|
ForS—3!, c——1, #,—0, and,— ,.>1, as can be Numerical calculations show that
deduced from the numerical calculations reported above.
Consequently, Nje A 5
2 ) 2 Nle_Al ( ) 2n0d .
o =3.= , 23
)= 2= 7T N,e A1y2n,d+R .
Therefore,> is found to be
where
J0,pc;—1 N,e A1
Ree A0 oWeci 2] (24 Sem (26
I[0,i9c;—1] 1+N.e "/nyd
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0-10 (asymmetric cagebut the external voltage is absent. The

fundamental equations of the model are easily obtained from
the ones presented before by taking the lilt-0. A prac-
tical situation in which this model has revealed its usefulness
is the asymmetric electro-optical response in a nematic-
liquid-crystal cell[11,17]. Another limiting case to be con-
sidered refers to the situation in which the adsorption phe-
nomenon is absent, but the sample is submitted to an external
voltage. In this case, we haw;=A,—x. Consequently,
o;—0, as given by Eq(2). In this case, as it follows from
Eqgs.(17), 1= —»,=¥. Again, the fundamental equations
010 4 . . . . . . . . of the model, now reduced to three coupled equations, can be

0 08 06 -04 02 00 02 04 06 08 easily obtained from the previous ones. They will connect

2z/d V¥, andc with % andd.

FIG. 5. Reduced electric fiel/E*, whereE* = y2ksT/qL vs In the preceding analysis, we have considered a selective

2z/d in correspondence with the values BN considered in ion adsorption phenomenon in which only the pOSIt.Ive. lons
Fig. 4 are supposed to be adsorbed on the surface. This implies

considering that the adsorption energy for the negative ones
. is taken as infinite. Let us now consider the case in which
Notice that forN; —0 orA; ¢, 2,0, as expected. In the both positive and negative ions can be adsorbed by the sur-

opposite limit ofN;— o or A;— — o, 3 .—nyd, which cor- T i
responds to the case in which all the positive ions are a faces. We suppose, for simplicity, that the surfaces are iden

sorbed on the surface at —d/2. This behavior is illustrated t|cal,_andAJ_r andA_ are the adsor.ptlon energies fpr both
in Fig. 6, where>, is depicted versus the adsorption energys.pec'es. of ons. Ths surface gensny of adsorbed ions of a
A, as it comes from the numerical calculations. Notice thaJ'VeN SN IS given ysee Eq(2)]
the curve is quite well represented by E86) given above. o= N, er AsTii (27)

We have presented most of the results of the numerical
calculations for an adsorption energy that is relatively low,wherei=1,2 refers to the surfaces am. are the surface
just to emphasize the crucial role played by this quantity in edensities of sites fof- and— ions. We assume, furthermore,
real sample. However, if we consider higher values for thghat N, =N_=N. The actual surface density of adsorbed
adsorption energy, the magnitude of the quantities reporte®ns is given by
2$§t\$narr:nig::§dthzssz)r(r?gded’ but the global behavior of the Ni=Ne(e A Vi g At o), 28)

0.054

0.004

E/E

-0.05

whereas the actual surface charge density is
IV. EXTENSIONS OF THE MODEL
Qi=q(oj+—0j-)=qo;. (29

Before we proceed, it is convenient to establish some parfhe equation representing the conservation of the number of
ticular cases that can be analyzed in the framework of th@articles[see Eq.(3)] is slightly modified, giving for the
proposed model. The first one is the situation in which thechemical potential
adsorption energies are different on the surfaggs:A,

N
7#:1_’_ —A *i//1+ — i + —A_ ’//1+ [
Lom e _ZnOd[e (e e "2)+e -(e"1+e"2)]

0.8 1

e A rdi
+— J coshy(z)dz. (30
d J-ar

81 The basic equations of the model are then Eg§), (14),

and(15) for the low-voltage regime and Eg&0), (16), and
(17) for the high-voltage regime, if we consider in these
equationso , as defined in Eq(29).

£
e 0.4

0.2

V. CONCLUSIONS

%07 We have analyzed the electric potential profile in a cell

30 25 20 15 40 5 0 5 10 containing an isotropic liquid in thermodynamical equilib-
A rium. The liquid is supposed to contain impurities that can
give rise to ions for chemical decomposition. The dissocia-
FIG. 6. Critical external density of chargg, vs adsorption tion energyA controls the chemical reaction of ionization.
energyA,. The solid line corresponds to the numerical calculations;By assuming a selective ionic adsorption from the surface,
the dashed line is the approximated relation represented b{eBqg. we have evaluated the surface densities of charges when the
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sample is submitted to an external field. Our analysis hatends rapidly to zero when the external charge density in-
shown that there are two regimes of the actual electrical poereases. The opposite behavior is observed for the surface
tential in the cell, with respect to the external applied potendensity of adsorbed charges at the lowest potential. We have
tial. also evaluated the chemical potential of the system versus
In the low regime, the potential profile presents a mini-the density of external charges sent on the surface by the
mum inside the cell. Increasing the external potential, thispower supply. Our analysis generalizes the one presented by
minimum moves towards the potential of one of the surfacesthyrston [14] and Thurstonet al. [13] to interpret the dc
For a critical value of the external applied voltage, the mini-switching effect observed in liquid-crystal displays based on
mum value of the actual profiles coincides with the potentialyjstaple boundary-layer configuration, taking into account

of one of the surfaces. In this situation, the actual potentiajhat the actual densities of adsorbed charges depend on the
profile has a minimum just at the surface. This correspondgctual potential.

to the case in which the adsorbed charge density is equal to
the external charge density sent by the external power supply
on the electrodes. For external applied voltages larger than
this critical value, the actual potential profile is a monotonic
function inside the cell. Many thanks are due to A. K. Zvezdin and D. Olivero for

In the low-voltage regime, we have shown that the surfacdelpful discussions. This work has been partially supported
density of adsorbed charges at the high potential surfacky INFM and CNPq.
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