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Abstract 

The nature of the pair interaction and of relaxation of dipoles embedded in a liquid in the vicinity of a non-metallic interface is investigated 
in the continuum limit. It is shown that dipole--dipole interaction as well as the rotational behaviour of a dipole can be significantly modified 
in the presence of a boundary in liquids characterized by a non-local dielectric function, or in liquids whose dielectric properties change as a 
result of geometrical restrictions. Structural changes may develop in the interfacial region which affect processes such as translational diffusion, 
rotations and charge transfer. Different limits are studied and re]ationships to experimental observables are discussed. 
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I. Introduct ion  

A large number of molecular processes in chemical and in 
biological related systems occur at solid-liquid or liquid- 
liquid interfaces. Examples include translational and rota- 
tional diffusion in porous silicas [ 1-4] and micelles [5,6], 
solvation dynamics under confinement conditions [ 7,8 ], pro- 
ton diffusion at water-membrane interfaces [ 9 ] etc. The pres- 
ence of an interface has been shown to modify the dynamical 
behaviours of molecules relative to their bulk properties 
[ 10,11 ]. These modifications influence reaction kinetics and 
photochemical processes in reduced dimensions. While the 
confining geometry itself may play a major role in slowing 
down translational diffusion and conformational changes, it 
is by no means the only aspect which affects the dynamics. 
For instance, at the interface between a liquid and a solid, or 
between two liquids, the structure and dielectric properties of 
the liquid may change, which in turn also influences the 
dynamics of embedded molecules [ 1,12-15]. 

Here we discuss changes in the dipole-dipole interaction 
and in the relaxation of point dipoles embedded in a liquid 
near a non-metallic interface when compared with the bulk 
liquid. We follow Refs. [ 16,17] where we represented the 
liquid in the continuum approximation in terms of a non-local 
dielectric function e(k, w). In analogy to this previous work 
the effect of the interface is introduced through the concept 
of additional boundary conditions [18]. We analyse the 
dependence of the dipole-dipole interaction and of the rota- 
tional behaviour on the distance between the dipoles and 
between the dipoles and the boundary, as well as on the 
dielectric parameters that characterize the interface region. 
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The approach used here is suitable for both static and dynamic 
limits. Although the continuum framework does not explic- 
itly include molecular level details, it enables closed expres- 
sions that relate microscopic quantities to measurable 
observables such as dielectric functions to be derived 
[ 12,19,20]. Continuum approximations and their modifica- 
tions have been shown to be powerful in unravelling leading 
physical processes in complex systems. 

The non-local nature of the liquid defines a length scale A, 
which is a measure of spatial correlations in the liquid. This 
parameter can be estimated on the basis of diffraction exper- 
iments [21 ] and on molecular dynamic simulations of liquids 
[22,23]. For instance, in aqueous solutions the correlation 
length A is of the order of the extension of local hydrogen- 
bonded clusters, A = 4 A; in solutions of dipolar polymers 
the correlation length may be much larger [24]. The intro- 
duction of this new length scale is of particular importance 
in the case of a liquid under geometrical restriction. When 
properties of the system are measured within distances com- 
parable with the correlation length, A, fundamental differ- 
ences between the response of the liquid under geometrical 
restriction and its bulk response are observed. Only beyond 
the distance A are the limits of the bulk description reached. 

The non-local description introduces short-range order 
within the liquid, at least phenomenoiogically, and leads to 
dipole-dipole and dipole-boundary distance and pore size 
dependences which do not appear in the case of a local die- 
lectric function. The possibility that the liquid itself changes 
its dielectric behaviour as a result of interaction with the 
boundary [ 1,13,14] can be modelled by a region of modified 
liquid near the boundary. The influence of a modified surface 
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layer of  a liquid on ion-ion and dipole~:lipole interactions at 
a metal-electrolyte solution interface was previously consid- 
ered and shown to provide interpretations of experimental 
observations of  ionic adsorption in electrochemical systems 
which could not be understood in the framework of the tra- 
ditional description [ 25 ]. 

2. The model 

We now consider the model for the description of electro- 
magnetic interaction of time-dependent point dipoles embed- 
ded in a liquid near a substrate. As in Refs. ] 16,17 ] we assume 
that the substrate is characterized by alocal dielectric function 
6~b(w) and the liquid is described by the non-local dielectric 
function 

1 1 1 1  1 1 1  
e(k,w)-e*(og) 6*(w) 6b(--w) 1 +/f lA 2 (1) 

Here e .  (w) is the short-wavelength dielectric constant of a 
bulk liquid, Eb(w) = eh(k = 0,w) and k is a wavevector. The 
quantity e .  is close to unity and in the low frequency range 
which we consider in this paper the relationship 
l e ,(6o) I << 16b(W) I is satisfied. Generalizations to a more 
complex non-local dielectric function are possible. 

As already mentioned in Section 1, the continuum approx- 
imation is valuable in obtaining analytical relationships 
between the dielectric properties of  the participating media 
and the details of  the dipole~:lipole interaction. The non-local 
nature of  the liquid, as introduced in Eq. (1) ,  accounts phe- 
nomenologically for some structural aspects of  the liquid 
through the length A. 

Let us denote the coordinates of the centers of dipoles with 
dipole moments/xd and /Xa by rd = (0,0,Zd) and r~= (R,Za) 
respectively, where zo and z~ are the distances of dipoles from 
the substrate and R is the distance between dipoles along the 
surface (Fig. 1 ). The substrate surface plane coincides with 
the plane z = 0. 

The energy of the electromagnetic interaction between 
dipoles with moments ~d and/z~ in a general orientation with 
respect to the interface can be written in the following form: 

02 @( r a,r,,) 
U= - txd" "t X,, = U (d~v~ + U ~"d) (2) 

OrdOra 

Esub ,~/ ,R ~(k,w) 
/ /  
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Fig. 1. Dipoles at the substrate-liquid interface. 

where c19(ra,ra) is the potential at a point r = r  a created by a 
point charge located at r = rd near the interface and the terms 
U (dip) and U (ina) describe direct interaction between dipoles 
and interaction induced by the presence of an interface 
correspondingly. 

The energy U "nd) of indirect interaction which arises from 
the polarization at the interfacial region has been previously 
calculated in Ref. [ 17]. Using the results obtained in Ref. 
[17],  we analyse here the dependence of the interaction 
energy on the distance between the dipoles and on the sub- 
strate and liquid parameters. Here we focus on the consider- 
ation of the interaction between molecules with dipole 
moments / ,~  and tzaperpendicular to the surface. The energy 
of interaction between dipoles has the following asymptotic 
behaviour: (1) at large distances between dipoles, R >> Za, 
z~, gA, 

2 I/z~/Xb I 6~.,b 
U =  - f ( z JA ,  Zd/A; ~*, eb) (3) 

R 3 6oC*(6s, b+  6b) 

(2) in the intermediate region, zj, z~, A << R << gA, 

2 6sub + ~b 
U=RA-----5 %6s,b(6b-- 6") 2f(za/A' Zd/A; 6", eb) (4) 

Here 

f ( z J A ,  z~/A; 6", eb) = 

62* + (Eb-- 6*) 2 exp[ - (Za+Za)/A] + e*(Eb-- 6*) 

X [exp( -- zd/A) + exp( -- z,,/A) ] (5) 

e~,b is the dielectric constant of  the substrate and g = ebesub/ 
e.(6s~b + eb). AS an example, at the interface between silica 
and water 6sub = 11.6, eb = 80 and e .  = 1 and for low fre- 
quencies the parameter g = 10. 

The region of intermediate asymptotics, Eq. (4),  with 
anomalously slow (Coulomb like) decrease in dipole--dipole 
interaction with distance R exists only in systems with high 
values of the dielectric constants e~b and 6b of the substrate 
and of the liquid, when e~ub/e. >> 1 and 6b/e .  >> 1, and 
therefore correspondingly the coefficient g >> 1. For 
instance, at the silica-water interface, as discussed in case 
( 1 ), and for A --- 4 .~ [ 12 ] the limiting Eq. (4)  can apply for 
a wide range of distances 3 A(R(20  A. Also, at an interface 
between two immiscible liquids (for instance the water-  
nitrobenzene system; for nitrobenzene 6b = 34.8), the slow R 
dependence of Eq. (5) can play an important role. 

When both dipoles are placed at small distances from the 
surface, Zd, Za( A, equations for the energy of interaction are 
simplified to 

21/~a/Zb I 6sub 6b 
U -  - -  R >> gA (6) 

R 3 62* ( 6sub --}- 6b) 

21/za/~b I (esub + 6b) Eb 
U -  RA----- 7 -  Esub(6b - 6 . ) 2  Za,Za,A<<R<<gA (7) 
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These equations are appropriate for the description of the 
interaction between dipoles located in the first few layers 
closest to the substrate, as well as the interaction between 
adsorbed molecules, i.e. z, = za = rm, where rm is the molec- 
ular size. It should be noted that in this case the expression 
for the dipole-dipole interaction energy at large R is directly 
proportional to the bulk dielectric constant eb of a liquid, in 
contrast to the traditional description obtained for a local 
representation of  the liquid in contact with a substrate, in 
which the energy U ° is inversely proportional to 6b: 

UO = 21 ,u,a/~b I 6~.,,b 
R3 6b(6sub_~_Eb), R>)Za,Z d (8) 

When the bulk dielectric constant eu of  a liquid is larger than 
both esu b and e .  Eqs. (6) and (7) can be written as 

21 #a/Xb I esub at R >> gA, Zd, Z. (9) u =  p 

U 21/ZJ~bl 1 
= - - ,  atzd, za, A < g A  (10) 

RA 2 6 s~b 

The different behaviours in Eqs. (3) and (4), Eqs. (6) and 
(7) and Eqs. (9) and (10) originate solely from our non- 
local description of  the liquid and is essentially insensitive to 
the details of  the imposed boundary conditions [ 16,26]. At 
large distances between dipoles (and 6b)6~uU) the interaction 
energy, Eq. (9),  has the same form as the traditional expres- 
sion, U but with a reduced effective dielectric constant 6.. 

Our results demonstrate that the non-local description of 
liquids leads to a non-uniform distribution of polarization 
fluctuations in the interfacial region reflected in the depend- 
ence of the dielectric response of  the liquid on the distance 
from the substrate. A new characteristic length, the correla- 
tion length A in a liquid, appears in the problem. Comparison 
of  Eqs. ( 3 ) - ( 1 0 )  with the results obtained in a model of  the 
modified liquid layer at the substrate surface [ 16,25] shows 
that this effect corresponds to the formation of the interface 
layer with reduced dielectric constant, e . .  The presence of  
such a layer reflects the structuring effect of a substrate 
[ 12,13]. The thickness of  the layer is of  the order of  the 
characteristic liquid structure distance A. Only when the 
dipoles are placed far beyond the interfacial layer does the 
traditional description ofEq. (8) apply. The structuring effect 
(interfacial hydration) gives rise also to hydration forces 
which are of  crucial importance in the interaction and fusion 
of  biological membranes and macromolecules [ 13,27]. 

We see that for all distances between dipoles our results 
differ from the corresponding local behaviour, Eq. (8).  The 
effect of  non-locality may lead to an enhancement in the 
interaction between dipoles. At large distances, R >> gA, the 
ratio U~ U ° of interaction energies is about (eb /e . )  2 which 
for water is of the order of  102-103 . Similar non-local 
enhancement of dipole-dipole interaction at large distances 
R was predicted in Ref. [ 28 ]. The interaction at the substrate- 
liquid interface can be larger than the interaction near a free 
substrate, as described by the ratio 
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Fig. 2. Dependence of the energy U of interaction between dipoles perpen- 
dicular to the interface, on the distance between them. The energy is nor- 
malized by the function U ° representing the traditional expression for the 
energy of dipole-dipole interaction (in perpendicular orientation) inside a 
local medium near a substrate. Solid lines are results of exact calculations; 
dashed lines are long-range asymptotes (3). The calculations were carried 
out for the following values of parameters: Esub=10, %=2, Eb=80, 
Za=Za= 1 /k, (a) A=2A and (b) A=5 A. 

( U I U ° ) ( e ~  = 1) = (es.b + 1 ) / ~ ( 6 s u ~ +  ~.) 

We see that the presence of a dielectric medium by no means 
weakens the dipole--dipole interaction. This is due to the 
pulling of electrostatic lines into the interfacial layer with the 
reduced dielectric constant 6..  It should also be mentioned 
that in a non-local medium instead of  Eq. (8) for R>> Zd,Za, 
we have a more complicated behaviour of  the dipole-dipole 
interaction. This behaviour reveals a significant change in the 
form of U(R) at a new characteristic length gA. The depend- 
ences of  the interaction on the distance R between dipoles, 
calculated over the whole range of  distances R using the exact 
equation for U, are shown in Fig. 2. 

The interaction between dipoles with other orientations of  
the dipole moments /Zd and/'£a can be found similarly. Our 
calculations show that, for large values of  dielectric constants 
% or Esub of  the liquid or of a substrate, the interaction between 
dipoles with moments parallel to the surface is weaker than 
the interaction between dipoles perpendicular to the surface. 
Again, the inclusion of  non-local dielectric properties leads 
to an enhancement of  dipole-dipole interaction. However, in 
this case the effect of  enhancement is not so pronounced. In 
contrast to the case of  perpendicular dipoles where for all 
values of  parameters (6,, esub, e . ,  A, R, za and Za) we had a 
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repulsion between dipoles now the type of interaction (repul- 
sive or attractive) depends on these parameters. For given 
parameters characterizing the liquid and substrate (Eb, E~ub, 
E,, A) the interaction energy may change sign as a function 
of the distance between dipoles. 

3. Dipole relaxation near boundaries 

The formalism described in this paper has also been applied 
[ 16] to the study of the rotational relaxation of a time- 
dependent point dipole in a liquid near a substrate. The relax- 
ation properties of a dipole at the interface can be expressed 
through its effective polarizability and dielectric friction 
SOD(09). In order to calculate these quantities one has to find 
the field E '  (ro, og) induced by an oscillating dipole at the point 
of its location. 

The dielectric friction relates ] 19,29] the frictional torque 
T to the angular velocity ~ of a dipole: 

T(og) = --~D(Og)~(Og) (11) 

A frequency-dependent rotational time ~'R(Og) can be 
defined through the dielectric friction: 

"re(o9) = ~o( o9) /2kT (12) 

The net dielectric friction ~D(og) is the sum of the bulk, 
~b)(Og), and the surface, #~s),Og- SD ~ ), terms. The influence of 
boundary on the rotational relaxation can be obtained by 
studying the change in the friction due to an interface which 
is also derived from the induced field. 

For a dipole perpendicular to the interface and located at a 
distance Zo from the substrate we found [ 16] the following 
limiting behaviours of the surface component of the dielectric 

r ( s )  friction gD (to). 
(1) Zo>>A 

=l~2im[ 1 eb(og) - e~,b] (13) ~(°s)(w) 4Iz 3 

where ! is the moment of inertia of the dipole. Eq. (13) is 
the classical result obtained [ 30] for a local representation 
of the liquid in contact with a substrate and is due to the effect 
of image charges. 

(2) For zo << A, 

~gs)(og) 41Z3o L *(og) e*(og)+',l,bJ (14) 

This result originates from the non-local description of the 
liquid and is again insensitive to the details of the boundary. 
We see that at small distances from the substrate the dielectric 
friction has the same "image force" form as for large dis- 
tances, Eq. (13), but with a reduced effective dielectric con- 
stant e . .  

Comparing Eqs. (13) and (14) with the expression for the 
dielectric friction in the liquid bulk [ 16] we conclude that in 
the two limiting cases, zo(A and zo)A, the boundary correc- 

tions to (b) (O9) are small, being of the relative order of R3~ 
z 3, where Rc is the radius of the cavity around a dipole mol- 
ecule. The radius of the cavity is estimated to be of the order 
of few molecular radii which limits the contribution of the 
boundary to the dielectric friction and consequently to the 
rotational time. Larger contributions can arise, as discussed 
in the previous section, when the properties of the liquid itself 
are changed by the presence of the interface [ 16]. One also 
expects the surface contribution to be significant for macro- 
molecules near an interface where Ro is larger than the radius 
of the liquid molecules. For such cases a more realistic 
approach is required in order to account of the detailed charge 
distribution in molecules. 

4. Conclusions 

We have investigated the influence of a non-metallic inter- 
face on the interaction between point dipoles located near the 
interface in the liquid side and on dipole relaxation. Both the 
liquid and the boundary are described in terms of the contin- 
uum approach by their dielectric properties. We assumed that 
the substrate is given by a local dielectric function and the 
liquid by a non-local dielectric function which introduces a 
typical length A into the problem. The results reveal some 
new limits of the dipole-dipole interaction and of dipole 
relaxation which originate from the non-local nature of the 
liquid. The results strongly depend on the embedding and 
neighbouring dielectric functions and display a rich range of 
behaviours which may be amenable to experimental tests. 

Our studies demonstrate that in order to provide a correct 
description of the interaction between dipoles in a liquid near 
an interface it is necessary to take into account the influence 
of the bulk liquid and not only the first few layers. There is a 
difference between dipoles interacting inside one monolayer 
of liquid molecules on a substrate-vacuum interface and 
those in the first layer at a substrate-liquid interface. The 
polarization of the region in the liquid with thickness of the 
order of the distance R between dipoles may contribute sig- 
nificantly to the interaction between two dipoles at a surface. 
This fact should be taken into account in numerical simula- 
tions of the interfacial properties of liquid. 

The approach introduced in the paper can be used also in 
describing liquid-liquid interfaces where one takes into 
account the non-local properties of both liquids in terms of 
their structure parameter A. In such cases the functional form 
of the interaction energy, Eqs. (3) and (4), is retained. The 
parameter A should, however, be replaced by an effective 
length characterizing the thickness of the surface layer of 
both liquids. 

In general, the importance of liquid structuring near an 
interface has been reported in a number of studies on confin- 
ing geometries. Direct measurements of the dielectric func- 
tion, solvation in pores and proton transfer in membranes 
demonstrate the heterogeneous nature of a confined liquid. It 
is worth mentioning the effect of the modified dipole-dipole 
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interaction on adsorption isotherms which enters through the 
contribution to the chemical potential of the surface layer. 
For low concentrations one expects therefore that the slope 
of the isotherm (surface coverage vs. concentration) will 
depend on the nature of the liquid through A and the dielectric 
functions in the interface region. For dipoles perpendicular 
to the surface the slope should decrease as a result of the non- 
local nature of the liquid. 
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