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INTERACTIONS OF ELECTROMAGNETIC RADIATION WITH ELECTROLYTES 

AT HIGH TO ULTRA-HIGH FREQUENCIES 

K. Carney, K. Ghowsi, and R. J. Gale 

Chemistry Department, 

Louisiana State University, 

Baton Rouge, LA 70803 

ABSTRACT 
At frequencies above one megahertz, the behaviour of electrolytic solutions changes from an 

ionic conductor to a lossy dielectric. High frequency conductance measurements of aqueous electrolytes 

(Na2S04 and KCI) have been made by continuous wave and pulse admittance methods, in cells with 

immersed, shiny R electrodes to study this transition. Peak conductance frequencies as a function ot 

concentratidn did not conform to the classical circuit representation of a resistance and capacitance. 

Measured phase angles indicate that relatively concentrated electrolytes (0.001 - 1 M) exhibit inductance 

due to electromagnetic and perhaps mass (inertial) effects. Modelling was possible with a constant value 

of the inductance, L,  and capacitance, C. using a simple RLC equivalent circuit. Ion and solvent 

perturbations in high frequency electrical fields first are discussed in terms of a damped harmonic oscillator 

model, whose macroscopic response is sen-consistent and equivalent mathematically to RLC network. 

However, it is improbable that mass effects are sufficiently large to explain the majority of the inductance, 

which arises primarily from the transmission of energy through the solution. Obviously, the skin effects 

found in electrolytes will be distinct from those for metallic conductors. 
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5 7a CARNEY, GHOWSI, AND GALE 

INTRODUCTION 

In condensed phases, the dissipation of electromagnetic radiation 

generally is complicated by a variety of concurrent processes, perhaps 

involving translational, rotational, vibrational and electronic transitions, 

e.g., consider the (uphill) emission of visible radiation from a bulb filament 

due to the passage of a direct electric current. Spectroelectrochemistry, in 

its broadest sense, can be defined to include those electrochemical methods in 

which the responses are analyzed on the basis of wavelength or frequency 

(1). We believe, accordingly, that the study of the electrical properties of 

electrolyte solutions at high frequencies may further our understanding of the 

conduction energetics of complicated systems, hopefully to ultimately enable 

the resolution and quantification of all of the discrete molecular 

contributions. Present day dielectric spectroscopies of i ons  or molecules in 

solution have ignored magnetic interactions, although it is well known that 

for frequencies in the range 1-100 MHz cell design becomes critical and 

inductive effects begin to manifest themselves, e.g., (2-4). 

Physical theories of ionic mobility have been subdivided into continuum 

models and molecular approaches, e.g. (5). Most theoretical efforts, however, 

pertain to the difficult problem of ion transport through a solvent under dc 

or relattvely low frequency conditions. In the so-called high frequency 

electrochemical methods (f < 3 MHz), the current response to a sinusoidal 

imposed voltage is attributed classically to the net rate of migration of the 

ions and the displacement of charge throughout the system (6 ) .  Admittance (Y) 

is interpreted in terms of the conductance (G)  and the susceptance (B), which 

latter terms are in-phase and 9O0-out-of-phase with the voltage, respectively. 

The former contribution, ascribed predominately to ion migration, converts 

electrical energy into heat. The frictional losses may be considered to 

involve both solvent (molecule)-ion and solvent-solvent collisions by which 

energy is dissipated as heat into rotational and vibrational energy levels. 

The susceptance is believed to arise mainly from the polarization of molecular 
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INTERACTIONS OF ELECTROMAGNETIC R A D I A T I O N  579 

e l e c t r o n i c  d e n s i t i e s  ( induced p o l a r i z a t i o n )  and from t h e  al ignment  of d i p o l e s  

( o r i e n t a t i o n  p o l a r i z a t i o n ) .  For e l e c t r o c h e m i c a l  cel ls  s t u d i e d  a t  t h e s e  

f r e q u e n c i e s ,  t h e r e  is g e n e r a l l y  no account  taken  of e lectr ical  inductance  by 

which energy is s t o r e d  as in t h e  magnet ic  f i e l d  of a c o i l .  

Above a f e w  MHz, however, e f f e c t s  due t o  self inductance  of t h e  e l e c t r o -  

chemical  ce l l  and i t s  l e a d s  may a r i s e  ( 2 ) .  C e r t a i n l y ,  a b e t t e r  unders tanding  

of ion dynamics a t  high f r e q u e n c i e s  (3-30 MHz)), very h igh  frequency (30-300 

MHz), and ul t ra-vhf  (300 MHz - 3 GHz) e l e c t r i c  f i e l d s  i s  d e s i r a b l e .  It  is 

noted t h a t  c l a s s i c a l  e l e c t r o l y t e  t h e o r i e s  of frequency e f f e c t s ,  such a s  t h a t  

due t o  Debye and Falkenhagen (7,8), do not  c o n s i d e r  an inductance  c o n t r t b u t i o n  

(7,8), t o  t h e  o v e r a l l  c i r c u i t  response. This  omission may e x p l a i n ,  i n  p a r t ,  

t h e  lack  of d e f i n i t i v e  proof and unders tanding  of high frequency e f f e c t s  in 

e l e c t r o l y t e  s t u d i e s  (9 ) .  Unquest ionably,  t h e r e  a r e  many examples of 

exper imenta l  r e s u l t s  i n  t h e  l i t e r a t u r e  t h a t  suppor t  t h e  need f o r  a more 

comprehensive a n a l y s i s  of loss mechanisms i n  h igh  frequency e l e c t r o l y t e  

conductance measurements. S t u d i e s  by Hasted and Roderick (10) and ear l ie r  

work by L i t t l e  and Smith (11) have repor ted  i n c r e a s e s  i n  i o n i c  c o n d u c t i v i t i e s  

a t  h igh  f r e q u e n c i e s ,  which they  cons ider  t o  be l a r g e r  than  those  p r e d i c t e d  by 

t h e  Debye-Falkenhagen theory.  Gorpinchenko ( 1 2 )  has  s t u d i e d  t h e  d i e l e c t r i c  

p r o p e r t t e s  of KC1 s o l u t i o n s  i n  t h e  150-600 MHz f requency range and. a g a i n ,  i t  

is concluded t h a t  t h e  i n c r e a s e  i n  c o n d u c t i v i t y  found wi th  frequency was much 

l a r g e r  than  t h a t  p r e d i c t e d  by D-F theory.  S i m i l a r  r e s u l t s  have occurred  i n  

t h e  d a t a  of Scherbakov e t  a l .  ( 1 3 , 1 4 ) ,  who recommend t h e  use of measuring 

c e l l s  of t h e  " e l e c t r o d e l e s s "  condenser  type  f o r  d i e l e c t r i c  c o n s t a n t  

measurements. F i n a l l y ,  Ghowsi and Gale (9 )  have measured exper imenta l  

d e v i a t i o n s  from t h e  t h e o r e t i c a l  peak p o s i t i o n s  i n  conductance-concent ra t ion  

c u r v e s  a s  t h e  frequency is increased  above 5 MHz. It  should  be noted t h a t  a t  

f r e q u e n c i e s  below 25 MHz, t h e  e f f e c t s  t h a t  a r i s e  on t h e  dc s o l u t i o n  r e s i s t a n c e  

and capac i tance  ( n e t  d i e l e c t r i c  c o n s t a n t )  from DF theory  p r e d i c t i o n s  a r e  only 

second o r d e r  ones ( 7 , 9 ) .  In t h i s  paper ,  we d i s c u s s  t h e  c l a s s i c a l  under- 
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580 CARNEY,  GHOWSI, AND GALE 

FREQUENCY ( MH z 1 

1. Conductances of aqueous K C 1  a s  a f u n c t t o n  of f requency and c o n c e n t r a t i o n  

i n  a t r a d t t i o n a l  c e l l  ( lower t o  upper curves ,  0.0011 M, 0.005 M, 0.01 M 

and 0.05 M). 

s t a n d i n g  of the  responses  of i o n i c  s o l u t i o n s  t o  tmposed e l e c t r o m a g n e t t c  

e x c i t a t i o n  and a t tempt  t o  q u a n t i f y  the  macroscopic magnetic behaviour  of a 

s imple aqueous e l e c t r o l y t e  us ing  network theory.  

RESULTS 

Figure  1 shows t h e  conductance a s  a f u n c t i o n  of f requency and 

c o n c e n t r a t i o n  f o r  some aqueous K C 1  e l e c t r o l y t e s ,  measured wi th  a Hewlet t  

Packard,  model HP8753A Network Analyzer. T h i s  instrument  has  a f a c i l i t y  t o  

c o r r e c t  for lead impedance with a s c a l e d  p a s s i v e  c i r c u i t  element c o r r e c t i o n .  

Its wide dynamic range (100 dB) permi ts  use of very smal l  ampli tude s t n u s o i d a l  
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INTERACTIONS OF ELECTROMAGNETIC R A D I A T I O N  
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2. ( a )  Cell conductances of aqueous Na2S04 e l e c t r o l y t e s  (25'C) measured by 

network a n a l y z e r ,  ( b )  phase a n g l e s  of aqueous Na2S04 e l e c t r o l y t e s  ( d o t t e d  

l i n e  - c o n d u c t i v i t y  water){  c e l l  c o n s t a n t  0,026, approx. 0.42 cm I . D . ,  

sh iny  Pt  e l e c t r o d e s .  

e x c i t a t i o n .  With K C 1  and some o t h e r  e l e c t r o l y t e s  t e s t e d ,  e.g., Na2S04 and 

tetrabutylammonium i o d i d e ,  a peak occurs  a t  c i r c a  2 MHz, whose shape and 

l o c a t i o n  depends on t h e  geometry of t h e  e l e c t r o l y t i c  cell. Because t h e  

t r a d i t i o n a l  c e l l  (shown i n  i n s e t )  has  an i l l - d e f i n e d  geometry, q u a n t i t a t i v e  

measurements d e s c r i b e d  below were made us ing  a columnar c e l l  based on an nmr 

tube.  The cel l  t e s t e d  was chosen t o  minimize t h e  Parker  e f f e c t  (4.6 cm long x 

0.5 c m  O.D.), and the  cel l  geometr ic  capac i tance  is e s t i m a t e d  t o  be 0.2 pF. 

F igures  2 ( a )  and (b) c o n t a i n  conductance and phase measurements of aqueous 
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502 CARNEY,  GHOWSI, AND GALE 

3. Cell conductances of aqueous KC1 electrolytes (25'C) calculated from a 

Fourier transform admittance (1 x lom3 M solid line; 1 x M crosses; 

conductivity water broken line); cell constant 10 conventional design, 

approx. 1.3 cm diam. shiny Pt electrodes. 

Na2S0,, electrolytes prepared from purified (recrystallized) chemical and high 

purity conductivity water. The conducttvity water behaved as expected in the 

limited frequency range of approx. 0.3-50 MHz, showing large resistance and 

almost pure capacitance ( $  - 90") throughout. Depending somewhat on cell 

design, solutions of KC1 and Na2S04 electrolytes of concentrations, 5 x M 

- 1.0 M, all gave a broad conductance increase to peak in the region 1 - 10 
MHz. We have confirmed this effect using complementary Fourier transform 

pulse measurements, figure 3 (upper frequency value was limited by the 

digitization (Nyquist) limit and the increase in error is due to fall off in 

amplitudes of the sinc function with frequency) This behaviour is not 

consistent with the response expected classically from a simple RC element 

(61, for which + - 45' at the peak. Particularly, at 10 HHz for example, the 
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INTERACTIONS OF ELECTROMAGNETIC RADIATION 583 

4. Equivalent electrical circuit €or high frequency electrochemical cell 

(inductance and other elements due to the leads are not shown). 

phase angle approaches zero with increase of concentration and becomes 

negative for 0.1 M electrolyte. 

If, however, the circuit shown in figure 4 is considered, it becomes 

possible to model the experimental conductances and phase responses. An 

approximation is made to neglect the large double layer capacitance and 

faradaic reaction impedances at these high frequencies. Then, the circuit can 

be described in terms of passive elements by writing the impedance, 

1 R + Id 
jwRc - 2 LC + 1 1 z=- - 

jwc +R+jwL 

The admittance, Y, after rearrangement is given by 

= (1 - u2 LC + J w  RC)(R - j d )  
2 2 2  R + w  L 

and the conductance, G, the real part of the admittance, by 

n 

R(l - wL LC) + uL LRC 
R + w  L 2 2 2  G -  
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584 CARNEY,  GHOWSI, AND GALE 

I f  w e  denote ,  f o r  s i m p l i c a t i o n ,  t h e  s o l u t i o n  conductance R - 1 / K ,  

K(l - uL LC) + uL LKC 
2 2 2  l + u  L K 

-1 - t a n  uLK -1 wc 
2 0 - t an  

K(1- w LC) 
t 5 1  

where G r e p r e s e n t s  t h e  o v e r a l l  c e l l  conductance and 4 t h e  phase a n g l e ,  both 

measurable parameters .  Note, t h a t  i n  terms of p a s s i v e  e lements ,  t h e r e  a r e  

t h r e e  v a r i a b l e s  (R, L and C) t h a t  may be f u n c t i o n s  of frequency. I f  w e  

f u r t h e r  assume t h a t  t h e  capac i tance  is a weak f u n c t i o n  of f requency and can be 

modelled by t h e  d i e l e c t r i c  cons tan t  of water  ( independent  of s a l t  concen- 

t r a t i o n ) ,  then w e  can c a l c u l a t e  the o v e r a l l  c e l l  response by s i m u l a t i n g  t h e  

c i r c u i t  response of f i g u r e  4. The r e s u l t s ,  shown i n  f i g u r e s  5 ( a )  and ( b ) ,  

c l o s e l y  model t h e  exper imenta l  d a t a  of f i g u r e s  2(a)  and (b) .  Conductances 

used in t h e  s i m u l a t i o n  were t h e  exper imenta l  v a l u e s  obta ined  a t  300 kHz. where 

4 - 0'. The e l e c t r o l y t e  inductance  appears  t o  be approximately c o n s t a n t  f o r  

t h e  concent ra t ion  range i n v e s t i g a t e d  and t t s  va lue  i s  l a r g e  ( -  1.7 fl/cm) 

compared t o  t h a t  f o r  t y p i c a l  m e t a l l i c  conductors  ( -  8 nH/cm). 

DISCUSSION 

The a b i l i t y  t o  unravel  t h e  var ious  c o n t r i b u t i o n s  t o  conductance depends 

upon s a t i s f a c t o r y  network models f o r  the exper imenta l  c e l l .  This  t a s k  is not  

an easy one because the  a n a l y t i c  responses  may be nonl inear  i n  comparison t o  

a p e r i o d i c  components. Nonetheless ,  i n  p r i n c i p l e  i t  is p o s s i b l e  t o  s u b s t i t u t e  

nonl inear  va lues ,  of R and L f o r  example, i n t o  c i r c u i t  models and compute t h e  

o v e r a l l  response,  c f .  ( 9 ) .  The conductance may be modelled by us ing  t h e  

Debye-Onsager r e l a t i o n s ,  however, t h e  v a l i d i t y  of t h i s  e x t r a p o l a t i o n  t o  high 

f requencies  is not known. 

I f  one cons iders  t h e  responses  of i o n s  t o  a very h igh  frequency 

s i n u s o i d a l  e lec t r ic  f i e l d ,  f o r  example, t h e  ampl i tudes  of displacement  a r e  
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INTERACTIONS OF ELECTROMAGNETIC RADIATION 505 

O.OO’ t 0.1 M(0.5rnSIl 

0.01 M(ao8rns) 
0 

0 20 40 

frequency (MHz) 

0.001 M (0.003mS) 100 - 

0.01 M(O.OBmS) 40 

20 

0 
0.1 M(0.5mS) 

-20 - 1.0 M e 4  mS) 

frequency (MHz) 

5. (a) Simulated conductance of aqueous Na2SOq electrolytes (25’C) based on C 

- 0.2 pF, L = 0.8 pH and G as shown, (b) simulated phase response using 

parameters given in 5(a). 
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586 CARNEY, GHOWSI, AND GALE 

extremely small and the mechanical analogy of a damped harmonic oscillator in 

forced motion may be appropriate, 

( 1  + m) K + f k + k x - F eiwt 
where the real part of the driving force is given by the real part of Feid 

(the imposed signal, 1% is the electromagnetic induction), - fZ is the 

frictional force which may be a function of the amplitude as well as secondary 

molecular effects, and kx is the elastic restoring force(s). Using mechanical 

terms, the vibrating particle gives rise to a real part of the impedance, 

known similarly in electrical terms as resistance, and to imaginary 

(orthogonal) components known as reactance. Here the analogy to the classical 

treatment of electrochemical cells differs because this latter term comprises 

three contributions; the elastic reactance (e.g. ion-ion and ion-solvent 

interactions), the electromagnetic inductance, and inertial reactance (mass 

effect). We assign circuit elements as follows. Frictional forces due to the 

ion's oscillations and the solvent restructuring this produces represent the 

resistive element. Elastic (capacitive) contributions that might be present 

include solvent (molecule) rotation and polarization (Parker effect), solvated 

ion reorientation, as well as ionic interactions; ion-solvent collisional 

attractions/repulsions, solvent-solvent forces caused by the ion vibration, 

and long range ion atmosphere forces (D-F). Finally, electromagnetic 

inductive and mass inductive effects will be present, the latter due to ion 

and/or ion-solvent shell inertial components induced by the imposed field. 

Intuitively, it s e e m  reasonable that the elastic and inductive contributions 

might increase relative to frictional losses as the frequency is increased, 

i.e., smaller net amplitudes cause less secondary solvent-solvent losses due 

to the ion dynamics. 

A priori in eq ( 6 ) ,  the parameters E,f and k may be functions of 

frequency and even the equivalent mass, q of an ion is not easily estimated as 
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INTERACTIONS OF ELECTROMAGNETIC RADIATION 587 

a constant, as it may have single ion. solvated ion, or ion atmosphere mass 

properties. In his classical assessment of mass effects in electrolytes, 

Debye (15) noted that the dynamical masses due to ions are neglected because 

the frictional forces are so much larger (however, this argument was based on 

s "low frequency" value for f, the frictional coefficient for water, whose 

magnitude may be quite different from that for small amplitude oscil- 

lations. A detailed discussion has been presented by Zana and Yeager for the 

theoretical development of ion vibration potentials at high frequencies and it 

has been found experimentally that extremely small potential perturbations 

result (16). For the concentration range of aqueous Na2S04 studied (0.01 M - 
1.0 M), we are able to fit the data with a constant value of L but it is 

desirable to measure L precisely over a wider range of concentrations. Thus, 

we are at present unable to discriminate mass inertial effects (likely small) 

from the overall induction. 

Qualitatively, however, the electromagnetic induction is physically 

distinct from that due to a metallic conductor of the same dimensions carrying 

the same current. Further studies of the transmission of electromagnetic 

radiation through electrolytes is highly desirable. Novel practical devices 

such as electrodeless conductivity detectors for liquid chromatography could 

be developed. Additionally, studies of the dispersion in permeability of 

condensed phases may be useful €or the development of new spectroscopic 

methodologies. 
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