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SUMMARY 

Theoretical analysis of the resonance principle has been carried out from the 
point of view of its use for detection in liquid chromatography. Equations have been 
derived for the response of the detector to either the real or imaginary component of 
complex permittivity of the binary mixture: carrier liquid-analyzed component. It 
is shown that the response on either of the components is a linear function of concen- 
tration. The use is advantageous for a liquid with a very low tgb and dielectric con- 
stant for the carrier. 

INTRODUCTION 

The detectors hitherto employed in liquid chromatography were recently 
evaluated by HUBER 1. Whereas the other parts of the channel in a liquid chromato- 
graph have attained remarkable parameters, the detector appears to be the weakest 
link of the chain at the present time. The development of the analytical utilization of 
liquid chromatography will depend to a considerable extent on the improvement of 
these detectors. 

For the time being, there is no detector in liquid chromatography that could 
represent, with respect to the versatility of utilization, the detectors used in gas 
chromatography, and it seems that this situation will exist also in the near future. 
Therefore, new detection principles are searched for. One of them is the change of 
the permittivity brought about by the presence of the component under analysis in 
the carrier liquid and, consequently, the change in the parameters of the measuring 
condenser. The methods for measuring both components of the complex permittivity 
have been given considerable attention*.owing to the direct relationship between the 
above parameters and the dipole moments as well as the relaxation constants of 
molecules in the alternating electric field. Some possibilities of utilizing the principle 
of the change of the real component of the complex permittivity, e’, in transforming 
the capacitance change into a,frequency change and in measuring the capacity change 
with the aid of a.c, bridges of the Wheatstone type, are quoted in the literature3. The 
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great influence of the changes of capacitance and losses on the amplitude of the 
voltage or current in a resonant electrical circuit with low losses around the resonance 
offers further possibilities for the development of a detector with a very high sensi- 
tivity towards changes in the permittivity. , 

The aim of this paper is to carry out a theoretical analysis of the resonance 
principle with respect to the utilization of the latter for the detection in liquid chro- 
matography and to the determination of the possibilities the resonance detector is 
capable to afford. 

PRINCIPLE OF THE DETECTOR 

If a voltage of constant amplitude UB is applied to a series resonance 
composed of fixed inductance L, variable capacity C, and resistor. R, then, at 

circuit 
a con- 

stant .frequency, it holds* for the dependence of the voltage at the condenser ter- 
minals, UC, on the tuning capacity C: 

UC I 

n,= 
__I_ -_-_ -_ 

” “. 1/I + Q2(RC/C# 
(1) 

Ghere UC is the effective’value of the voltage across the condenser at the capacity C, 
U, ‘stands ‘for the same quantity, but at a resonance capacity Cr, Q is the quality 

Fig. I. Schematic of the detecting circuit in the use of the resonance principle. 

factor of the resonance circuit, and AC/C, is the relative capacity increment ; dC/Cr = 
(C - C,)/Cr = (C/C,) - 1 l A graphical illustration of eqn. I for the capacity 
values C 2 Cr is given in Fig. 2. - 

Let us suppose the use of a carrier liquid with a “dielectric constant”, e’=, 
smaller than e’z of the analyzed component and having a loss tangent & very close 
to that of the detected component. tg&. In this case, it is necessary to detune by the 
trimming condenser CT the resonant circuit in such way that the zero point P1 is 
located on the upper outset of the linear part of the resonance curve when the carrier 
liquid flows through the measuring condenser C. Then, if the analyzed component 
with,@‘% > E’~ occurs in the carrier liquid, the resultant real part of the permittivity, 
.s’~, is larger than that of the carrier liquid, so that the capacity of the measuring 
condenser increases proportionally to the concentration of the component and the 
voltage UC on the condenser terminals falls. The voltage across the condenser is 
measured by. a diode electronic voltmeter, in which the background voltage, Uc(o) 
may be easily backed off, so that the slide-back recorder connected to the terminals of 
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Fig. 2. Zero-point setting of the resonance detector. 

the measuring instrument 
tographic record (Fig. 2). 

DYNAMIC RANGE 

of the diode voltmeter will provide a conventional chroma- 

According to eqn. I, the slope of a resonance curve is given by: 

y’ = - Q2x/l/(r + Q2x2)” (2) 

The greatest slope is attained in the point of inflexion, E’inr(xo,yo), given by the con- 
dition : 

y” = 0 

from which it follows for the coordinates of the latter: 

(3) 

x0 = 1/Q.d2, y. = 0.8165 (4, 5) 

It is apparent from eqn. 5 that the inflexion point occurs at a constant relative height, 
regardless of the magnitude of the quality factor Q. It follows from eqn. 2 for the 
slope at the point of inflexion: 

Yo' = -Q2+/d(r + Q%v~~)~ = -00.3848 Q (6) 

The dynamic range of linearity is defined as the concentration region in which 
the differential sensitivity is equal to the integral sensitivity6 or where the difference 
between both types of sensitivity does not exceed certain limits; LOVELOCK~ recom- 
mends a tolerance of 3%. The tangent line in the point of inflexion is given by the 
equation : 

Y - 0.8165 = -0.3848 [x - (r/Ql/z)] (7) 
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Fig. 3. Dynamic range of the resonance detector. 

It holds for the point with the coordinate x1 (Fig. 3), on the resonance curve 
above the point of inflexion, in which the deviation from the straight line drawn 
through the point of inflexion equals 3% : 

Xl = 0.97 x3 (8) 

When substituting y and x in eqn. 7 by the respective quantities from eqns. I and 8, 
one obtains for x1 the equation: 

0.1574 Q4z14 - 0.8637 Q%r3 + 1.3423 Q2z1a - 0.8637 Qxr + 0.185 = o (9) 

On introducing a new variable by z1 = Qx~, one obtains for the root of the 
above equation, using the regzcln fnlsi method : 

Xl = 0.413/Q (IO) 

The end point x3, below the point of inflexion, is given by: 

x3 = 1.03 x4 (11) 

A procedure analogous to that used in case of the point x1 leads to the following 
equation for the point x3: 

0.1396 Q4x34 - 0.8134 Q3xa3 + 1.3245 Q2x32 - 0.8134 Qxa + 0.1849 = o (12) 

and ‘the coordinate of the point x3 is given by: 

x3 = 1.201/Q (13) 

Hence, the linearity region characterized by the 3% deviation corresponds to the 
following limiting capacities : 
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x3 - x1 = (AC, - &)/Cr = 0.788/Q (14) 

The capacity of the measuring condenser is necessarily composecl of two com- 
ponents: a variable capacity Cz:, the magnitude of which varies with the E’ of the 
liquid, and a constant capacity Ck:, formed by the fixed dielectric determining the 
mutual position of the electrodes and providing the closure of the condenser cavity. 
Hence, it holds for the total capacity: 

C = Ck + Cz = Ck + EO&'A/d = Ck + E'CO 05) 

where E,, is the permittivity of the void space (IO-“/g x 4n Farad/m), E’ is the relative 
real component of the complex permittivity, A is the cross-section of the dielectric, 
and rl is the thickness of the dielectric. 

If a carrier liquid with the real part E’~ flows through the measuring condenser, 
it is necessary that the zero point be located at the place corresponding to the coor- 
dinate xi. In order to set precisely this point, it is necessary to use the auxiliary 
trimming condenser CT, as has already been quoted (Fig. I). It apparently holds for 
the relative detuning of the capacity to the points x1 and x3: 

AC1 -= 
&CO + CT + ck -- 

G &GJ + Ck 
w4 

AC3 d&3 + cfr +- c& 

cr =- &CO + cs 
(17) 

where E’~, E’~ are the real parts of the relative complex permittivity of the carrier, and 
of the mixture, respectively. On comparing the above equations with eqn. 14, there 
results the following general relation for the dynamic linearity range: 

wm - &FO E’n& - E’c -- = 
ck + &&I 

--= 
&k/Co) + E’c 

0.7=/Q W) 

Thus, the relative real component of the permittivity of the carrier liquid with 
an admixture of the analyzed component may attain, within the dynamic linearity 
range, a maximum value given by: 

E’,~ = 0.788 Q-l($- + alo) + E’~ (19) 

Now, let us investigate the limits in which the concentration of the substance 
under analysis, m& may vary without the deviation from the linear course exceeding 
the above 3%. 

The additive physical quantity is the polarization’. However, it may be as- 
sumed for the range of low concentrations that the linear additivity relation applies 
also to the real permittivity component so that the relation between the concentration 
of the analytical substance, ms, with the permittivity E’$, the concentration of the 
carrier liquid, m,, having the permittivity E’ c, and the resultant permittivity e’m may 
be described by the linear equation: 

~tln = ?lt& -I_ 1?a&‘~ (20) 

where the concentrations ntz and mc are expressed in volume fractions. 
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Thus, we obtain for a binary system: 

rtrn’ = (I - mtJ r’c ,+ md2 ( 21 
, 

and the real component of the resultant permittivity is given by: 

e’m = rn,(&‘~ - E’c) + E’c = 0.788 Q-l(2 + e)c) + E’~ 

The maximum concentration of the analyzed component is defined by: 

( 22 

& 
mx(max.) = o-788 

c -I- E‘c 

Q(ix - &I 

SENSITIVITY TO THE CHANGE OF E’ .,. 
, 

In chromatography, the sensitivity of the concentration detectors has bee: 
defined as the response in mV to I mg of the analyzed substance contained in I IY 

(23 

of the column effluent. Since the concentration is expressed by volume fractions i, 
our case, we shall define the sensitivity as the response in mV to I ,ul of the substanc 
in ,I ml of the effluent. The sensitivity values expressed according to this definitio 
will differ inappreciably from those based on the original “response to weight pc 
volume”, definition. 

Since’the !d.c. ‘voltage UC(,,) at the point x1 is supposed to be backed off (Fig. 2, 

the’absohite’value of the d,:c. response is equal to the difference between the ampl: 
tudes of the high frequency’voltage’ UC across the condenser at the points xg and ‘x, 

UC(l) - Uc(3) = ----L - ur ( 1/ ;-G-Q,2 

which yields on substituting for Q+ and Qx~ from eqns. IO and 13: 

(2L 

u C(l) - Uc(2) = 0.284 U, 

With regard to the definition suggested, 
tivity to the change of the real component of 

., 

S@ 
0.284 Ur = --- 
mx(max.) 

= 0.36 U,.Q 

Since it holds* : 

it may then be written for the sens 
permittivity : 

(2( 

where Ug is the driving generator voltage, one may write the following practical1 
advantageous formula for the sensitivity SE’ : 

S & = 0.36 UgQ2 $ - “’ 

c + 6% 
0 
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Examfile: 

co = 40 PI’, Ck = IO pF, E’% = 4, &lc = 2, Q = 200, ug = 0.1 v. 

SC = 0.36 x 

The concentration 

mV 
0.1 x 2002 x 

(4 - 2) 
---- = -- 
0.25 + 2 

1280 
$/ml 

dynamic range extends from zero to : 

10 I - 

Gt” 332$(mux,) = 0.788 ---- = 
200 (4 - 2) 

4.433 x 10-a 

i.e., within 0 - 4.433 pi/ml. 

EFFECT OF E” ON THE DETECTOR RESPONSE 

We have supposed in our considerations until now that the loss tangent, tg6, 
of the carrier liquid is approximately the same as that of the components under 
detection, so that the resultant loss tangent, tg6 m, remains practically unchanged 
when changing the concentration. The *detector then reacts linearly by a voltage 
change on the concentration mx of the component detected, within the linearity con- 
centration range. 

It is apparent from eqn. I that the detector response is a function of the capa- 
city change, AC/C,, and of the quality factor Q. If the quality factor Q is considered 
to be a variable quantity and assuming that AC/C, is constant, the relations derived 
will hold true analogously for the response to the presence of a substance the “di- 
electric constant” of which is approximately equal to the E’~ of the carrier liquid, but 
whose losses are higher than that of the carrier liquid. The resonance detector may be 
highly sensitive even to very small loss changes, where the other methods, e.g. bridge 
ones, show already low sensitivity. 

It follows from the first Maxwell equation for the eledtric current density J in 
the condenser : 

(29) 

where g is the conductrvity of the dielectric, E is the electric field intensity, and ~*a 
is the absolute complex permittivity, given by: 

a*Q: = &‘a - j E”~ (30) 

After substituting for E *o in cqn. 29 and multiplying the whole equation by the 
dielectric cross-section A, and assuming a homogeneous electric field and isotropic 
dielectric (liquid), one gets for the current in the condenser with the dielectric thick- 
ness d: 

It follows from the above equation that the behavior of a real condenser with 
liquid showing dielectric losses and a non-zero conductivity may be modellcd by an 
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Fig. 4, Equivalent circuit for the condenser with a liquicl with losses. 

equivalent electric circuit in which resistances equal to the inverse values of the re- 
spective conductances are connected in parallel to an ideal condenser without loss 
(Fig. 4) : 

I d 

Rg = G = - &!A 
(32) 

II 
,I 

R 
I d d 

err = .G/ = w CaA = w tq,e”A err : 
(33) 

.’ It holds for the reciprocal .value of the quality factor*: 
'I' ._ ','f ,: i 
-L- 
Q QI, 

+Qc= & + +-.& (34) r r 

v&e& ,, 

: ‘. ‘Qi is the ,quality factor .of the inductive coil, 
,Qc is: the ,quality ,factor of the measuring condenser, 
cur is the. angular res0nanc.e frequency, 
,Cr,is, the. resonance capacity value, and ,, 
G is the ,total parallel conductance of the condenser. 
The conductivity component in eqn. 32 may be included into, losses, which 

yields, after substituting from eqn. 33 into eqn. 34, the equation that interprets the 
effect of the imaginary component of the complex permittivity on the resultant quality 
factor of the measuring resonant circuit : 

E()E”A 
$= & + C,d 

In the case of the flow of pure 
be in resonance. Hence, there holds 

C r = c!zgB’c 
A 

- = &CO 
d 

(35) 

carrier liquid with afC the circuit is supposed to 
for the resonance capacity: 

so that it holds for the resultant quality factor at the flow of pure 

E’lC, 
$=&f Ec -r- = -g + @x2 

If a detected component is present having the parameters 
analogously hold for 

1, . . 

Qm= s+ 
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carrier liquid : 

(37) 

E’%, E”~, it will 

(38) 
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Provided a linear relationship holds between the concentration expressed in 
volume fractions, ~2, and the imaginary component of the complex permittivity, E”, 
for low concentrations, analogously to eqn. 20, one gets for the resultant real part of 
the imaginary component of the permittivity of a binary mixture: 

dtm = mcdtc + 7nZd’5 = (I - m,) 12”~ + PLV~E”~ 

and, after substituting into eqn. 38, 

(39) 

A&=- E’)C + fn,(&“1: - d’c) 

& +- a’,?& 
= e + 3nx -g- + tg:6c- ,Wz tga, (40) 

which yields for the quality factor of the mixture with the component under detec- 
tion : 

As it is supposed that E’$ f E’~, the capacity remains constant during detection, 
which corresponds to the zero point at the flow of pure carrier: 

AC1 --= 
C* 

0.413 Q-l (42) 

but the quality’ factor falls from the initial value Q to Qm. due to the presence of the 
substance detected and it holds: 

Qm +_ Qm ti.413 - 
Q 

(43) 

The detector response to the effect of .s”% will be: 

A UC = Uctl) - Uct2) = uoQ - - UaQm 

4; + O.L@ 
_I. - _ 

4I + 0.4132Q2m/Q2 

From eqn. 41 it follows: 

Qm= I . I 

Q 
w:Q ( 

E”.z 
WC) + I: 

= m:cQ (tg& - tgd,) -+- I - 
7- 

EC 

and substituting into eqn. 44 one gets for the response to c”:~: 

iU,= GQ (094 - 
I 

- 

4 p%(1) (tgsn: -?g:s,) + I]2 + 0.4132 ) 

(44) 

(45) 

(46) 

Fig. 5 shows the plots of the courses of the function A UC = fG#t(?jzz) for the case 
of Q ,=F zoo, Ug = 0.1 V, and tg& = IO-~. Plots A and B have been calculated for 
the tg6, of 2 X Ioe3 and II X Iow3, respectively. 

The functions A UC = fej(mz) and A U, = f&mz) are linear within low con- 
centration limits. Owing to the law of superposition, the resultant response is also 
linear, being the sum of the response to E’% and E”~, 
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Fig; 5. Dependence of the response brought about by E “z on concentration for different tg&. 

CONCLUSION 

/ 
/ 

/ 
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S. BADERKA 

A theoretical analysis of the basic characteristics of the LC permittivity detec- 
tor was performed in which the principle of resonance has been used. In the detection 
of liquid components having s ‘$ > B’~ and approximately the same loss tangent, 
tgs, A tg&, the predominating component of the response is the voltage drop across 
the condenser due to the capacity change. In the opposite case, where .sf2: A sfc, but 
tg& > tg&, there predominates in the response the voltage drop across the condenser 
caused by the decrease of the quality factor Q of the resonant circuit. As both re- 
sponses are approximately linear in the limits of low concentrations, the resultant 
response is the sum of both partial responses. 

It is always advantageous to choose a non-conductive substance having lowest 
possible dielectric losses as the carrier liquid in employing the resonance principle. 

In respect to the present-day state of the engineering in the resonance methods, 
when it is possible to attain Q = IOOO with both coaxial resonators as well as in 
circuits with lumped parameters g, the resonance principle of detection presents re- 
markable possibilities. 
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