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INTRODUCTION

Thin layer chromatography takes place in sheets of a porous sorbent. The
components of a solution form chromatographic spots which move and gradually
spread in the plane of the chromatoplate. The spreading of the spots in thin layer
chromatography occurs in two dimensions, unlike column chromatography where a
chromatographic zone spreads only along the direction of movement.

Thus thin layer chromatography represents a two-dimensional process. Never-
theless up to now only theories of one-dimensional chromatography have been used
for its description?. ‘

Such an approach is incorrect even in a first approximation and gives only a
qualitative idea of the character of the chromatographic process in thin layers.
Quantitative results can be obtained only on the basis of a two-dimensional theory.

BASIC EQUATIONS OF THE DYNAMIC THEORY OF THIN LAYER CHROMATOGRAPHY

In order to develop a dynamic theory of thin layer chromatography we use the
following assumptions:

I. A substance moves as a chromatographlc spot (7one with a velocity v,
which is a definite fraction of the eluent velocﬁ:y #: U= Rpu where Ry is a coefﬁment
determined by the properties of the moving substance and by the volume ratio of the
mobile to the immobile phase.

2. The process of thin layer chromatography is accompanied by spreading due
to diffusion of the substance in the mobile phase. This spreading proceeds at the same
rate both along the direction of movement and in the transverse direction. It is
characterized by an effective diffusion coefficient D;.

3. Thin layer chromatography is a non-equilibrium process because the ad-
sorbent grains are of finite size. Owing to this it takes a definite time to establish
thermodynamic equilibrium between the solid grains and the moving liquid phase.
This effects additional spreading of the spot in the direction of the movement. It is
possible to describe this phenomenon in a quantitative way using BRESLER’s theory?,
its main parameter v represents a time lag in the establishment of equilibrium
between the mobile and immobile phases.

With these assumptions we can deduce a basic differential equation for the
spreading of the spots in non-ideal (D; s o) and non-equilibrium (z # o) two-
dimensional chromatography. For this purpose the flow (I ) of a certain component
should be examined at an arbitrary point of the plate.

— —e -
I = pvC + evm — BDWC (1)
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where C and m are the concentrations of the substance in the mobile and immobile
phases, 8 and « are the relative areas occupied by the mobile and immobile phases
respectively (8 + o = I).

The first two terms in eqn. (1) correspond to the substance transfer due to the
overall movement of the zone with a velocity ¥. The third term reflects the diffusion
flow in the liquid filling the pores of the adsorbent. Its dependence on the velocity of
the zone is insignificant and can be neglected.

Let us express m through C by means of a sorption isotherm, confining our-
selves to the case of a linear equation (it fits well our actual conditions since low con-
centrations of the substance chromatographed are used):

= kC (2)

where % is the sorption coefficient.

Since in chromatography there is a kinetic lag in the establishment of equili-
brium between the sorbent and the solution, expression (2) should be corrected.
This can be done by means of the lag parameterz. When the zone moves'with a velocity
v, the concentration in the adsorbent at a point with the coordinate (x) corresponds to
the equilibrium concentration in the solution at the point (¥ + v7), as if the adsorbent
grain was in equilibrium with the solution which had been adjoining it 7 seconds ago.
Therefore instead of eqn. (2) we can write:

m(x,y,t) = kC(x + ve,y.t) (3)

Expanding the right-hand side of eqn. (3) into a series and discarding terms of
second order with respect to v7 we obtain:

eC
mzyd) = b [Clayt) + ve =] (4)

The balance equation is known to be:

oC om

oC
leI*ﬂ“'_“-5£=—(f3+°¢k)—5; (5)

Combining eqns. (1), (4) and (5) we obtain the fundamental differential equation
of two-dimensional chromatography:

ac oC 1 — Rp 22C
— = Ry 2 2
o TV = Fr (D‘v C+—F, U axz) (6)
where:
Rp = B/(B + ak) = v/u (7)

It has been taken into account that the continuity equation div 7 = o was
valid (which is really correct).

Now we must formulate initial and boundary conditions. We can assume that
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at £ = o the whole substance occupied a narrow region & with a concentration C,,.
In this case initial and boundary conditions may be expressed as:

Co O<x,y<8

C =0 = {
e o O<xy<o0

& | t—n—>0; (8)

C | zyy=o = O}

Equation (6) can be transformed to canonical form by substituting new variables

x v
&= B R R TR (9)
— Rp 1/2 ReDHL/2
Ry (Dz + 1= Pvﬂr) (RpDy)
2 o
and assu.ining that:
C(émni) =
— W(Emt) exp v [51@1,1/2 (Dz Lt fr ve,)ua _t g] (10)
I — Rp Rp 2
2 Rp (Dz -+ — ’U'-"T)
Ry
We finally get:
on”
= veW
ol v (11)

The function W(&,7,t) must satisfy the follo‘wing initial and boundary con-
ditions:

I’VI;:O =

Wo n<d
(70 050 W tpro; (2)

o O<g¢n<w

The solution of eqn. (rr) with the conditions of eqn. (12) is a well known
boundary value problem of heat conductivity. We will consider the fundamental
solution of eqn. (x1) in the case when ¢ > v and 6 — o (this always occurs in practice).
It can be expressed as:

W = Z%—i exp {-— f; [(é’ —&o0)® + (1 —770)2]} (13)

where A4 is a constant.

Using eqns. (9) and (10).and taking into account x,=y,=o0 and also the con-
ditions of normalization:

J__*_-_Zfiz Clw,yt)dxdy = g,
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(where ¢ is the total amount of substance in the spot) we finally obtain:

C(wyt) =
g (v — v2)2 y2
exp | —3 4
— Rp 1/2 = '
4R pt [_D;(_D; -+ =Ry v%)] { [2 (Dz + I Ry vﬁ-r:)li’pz! 2 Dzl‘i’pz] }
Ry Rn
(14)
Equation (14) represents the concentration distribution in a chromatographic

spot. It is a two-dimensional Gaussian distribution. Comparing eqn. (14) with a
standard distribution:

(¥ — )2 y°
Cixyt) = Cm exp | —3 [T + ) (15)
we obtain expressions for its basic parameters:

q

Cm == (16)
1 —Rp _\1*2
qnl i [.D;(D; -+ -—‘--I?F——— v r)]
T = R_p
2 Bl JgPYF :

Ox 2 (.D; -+ e v r)Rpt (x7)
oye = 2 DiRpt (x8)

Here Cy, is the maximal concentration in the center of the chromatographic
spot, oz,0y are the standard deviations characteristic for the spreading of spots.

COMPARISON OF THEORY WITH EXPERIMENT

Expression (14) shows that the maximum concentration within the spot corre-
sponds to the zero value of the exponent. Hence we can write: Xmax == vi where v
is the velocity of the spot movement, a characteristic value v = #/[1 + (a/B)%].

Considering expressions (17) and (18) it is obvious that the spreading of the
spot increases with Rp and ¢. Consequently the maximal sensitivity of analysis is
obtained with the minimal values of Rp and ¢. This is necessary for the determination
of microcomponents. To realize this possibility it is appropriate to use conditions of
elution chromatography for the microcomponent, and displacement chromatography
for the macrocomponent.

An example is given by Fig. 1, where we see the chromatogram of DNP-glycine
and DNP-alanine in the presence of a 20,000 times excess of dinitrophenol.

Substituting in eqn. (14) for C(x,y,t) a value Cmin, which is the minimal
concentration of the microcomponent which still can be detected, and taking the
logarithms of both parts of the equation, we arrive at the formula:

(v — v?)2 y2
-+ = I (Ig)
4’ (D! + : Rr‘:-R""-"P U2r)RFt1nC”;/Cfniﬂ 4 l F # ”lf min
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Equation (19) describes the shape of the spot in plane (x,y). It is the equation of
an ellipse with the center in point ¥x=2v¢,y=o0 and with half axes:

— Rp 1/2
a = 2 [RFtlncm/cmin(]Jl -+ I—'E"—l 'UaT)] i b= 2 (DiRpINnCy,/Cpin)tie.
r

Fig. 1. Elution and displacement chromatography of DNP-glycine, DNP-alaninc (0.05 ug);

dinitrophenol (1000 ug) on silica gel “KSK' (large pore size). The eluent is chloroform-benzyl
alcohol-acetic acid (70:30:3).

It is easy to show that in both limiting cases when v - 0 (Rp = 0) and v = u
(Rrp = 1) the ellipse becomes a circle with a radius » = (D;Rp{InC/Cmin)l/2. On
the other hand, when Rp = 1/2, the chromatographic spot has the shape of an
ellipse with the maximal value of eccentricity, 7.e. we will observe the picture
shown in Tig. 2a.

The physical meaning of this phenomenon is clear. When the velocity is small
(v—>0), the spot moves slowly and therefore is only slightly kinetically spread. When
the velocity is high (v = #), the substance does not participate in the sorption pro-
cesses and therefore there is no kinetic spreading.

The second term in eqn. (17) evidently approaches o if the grains become very

J. Chromaltog., 31 (1967) 360—368



A DYNAMIC THEORY OF THIN LAYER CHROMATOGRAPHY 365

Fig. 2. Contact U.V.-photographs of thin layer chromatograms of DNP-amino acids on silica gel
"IKKSK” of various grain diameters: (a) dp = 2.5 p; (b) dp = 25 p. Chromatographic eluent is the
same as in Fig, 1.

small (r->0). Consequently x>0y, 7.¢. the spots on the chromatogram acquire a round
shape (see I'ig. 2b).

The dependence of spreading on the diameter of the silica gel grains @, is of
particular interest. This dependence is easily obtained by substituting this quantity
for ¢ and 7 in expression (17).

It has been shown? that v = d,?/60D, in the case when 7 is entirely determined
by the diffusion within the grains (with a diffusion coefficient D).

TFurther, if we consider the layer of silica gel on the plate as a bundle of capil-
laries with a small diameter d, we can express the velocity of the solvent as v = Md,
and therefore ¢ = Rg/Md, (where M is a term dependent on the density, viscosity,
and surface tension of the eluent, and R; is the distance from the origin to the front of
developing fluid.

Finally we obtain:

2 DW/RyRp " MRmRy (1 — Rp) d

L
o Md, 30D

»° (20)

Since the first term reflects a hyperbolic dependence on d, and the second one a
parabolic dependence, the total function o, first diminishes with 45, passes through a
minimum and then begins to increase with further decrease of the grain size. This
relationship is based on quite obvious physical phenomena. When the grain size
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decreases the time lag 7 diminishes, hence, the influence of the kinetic factors upon
the spreading becomes less important. At the same time, owing to an increase in
hydrodynamic resistance of the layer the movement of the liquid slows down, the
time of experiment increases and, consequently, diffusion spreading increases.
]:v1dent1y, an optimal grain size should exist when the combined influence of both
factors is reduced to a minimum.

Experimental data on the influence of the diameter of silica gel grains upon the
separation coefficient of two substances:

R — Ryp’
Kp=—--—r—"—R
r o’ + o )

and upon the sensitivity of the analysis:
E-,n/q = 8/2 NG 20y

reveal an optimum grain size between 2.5 and 7.5 u (Figs. 3 and 4).

By finding the expression for dp in eqn. (20) corresponding to o2zminy and
substituting empirical values of D; (restricting ourselves to molecular diffusion),
M, Rr and R, we can calculate the optimal grain diameter dp and we find it in the
range of 2—-5 u, 7.e. in satisfactory agreement with experimental data.

By using experimental values of R,;, Rp, ¢, dp, oz and oy (as halfwidths of
Gaussian peaks at the height of 0.607 C,) it is possible to determine the time lag 7.

In the case of chromatography with a constant velocity it is easily calculated from
eqns. (17) and (18):

= (022 — 0,2)t/2 R2(Rp® — Rp9) (21)

By integrating the expression (15) in the limits -4 oo we obtain an expression
for the total amount of substance in the chromatographic spot:

1/ %2
C1n exp [— ‘; ( 2 o'yz)] dxdy = 2 ﬂc";O'xO'y (22)

q=

-+ OOJ -+ oo
— 0
_Rs

Oy + Oy

35k
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=S

i 1 1 [] 1

2.5 7.5 125 17.5 25
e ()

Tig. 3. Dependence of R4/(0z’ + o.’’) for DNP-glycine and DNP-alanine on d,, of silica gel "IKSK"'
on plates with various values of 2y, (1) Ry = 3cm; (2) Ry = 4cm; (3) By = 5 cm; (4) By = 6 cm,
Chromatographic eluent is the same as in Ifig. 1,
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Fig. 4. Dependence of 2 ¢ 00y for DNP-glutamic acid on dy, of silica gel “IKSIK”’, Chromatographic
eluent and symbols are the same as in Fig. 3.

’ Thus by way of determining the maximal concentration in the spot and the
standard deviations of the Gaussian distribution we can find the amount of substance
in the chromatographic spot.

Practically these measurements can be carried out by means of a two-coordi-
nate densitometer. In this case eqn. (22) can be transformed into:

g = 27 Epozoy/e (23)

where E,, is the measured extinction at the center of the spot (maximum of the peak),
¢ is the molar extinction coefficient of the substance. Comparing the spots for various
quantities of the same substance eluted in identical conditions (o'’ = 6%'; o3/’ = ¢}/)
we can calculate the amounts of substance using the simpler expression:

19" = En'|En” ' (24)

i.e. using only the ratio of extinctions measured in their maxima. The precision in
the measurement of the parameters of densitometric curves, oz, oy, Cam, is the better,
the smaller the dimensions of the photometric field are.

If we take photographs of the chromatograms, the spots reveal an elliptical
shape described by eqn. (1g), the limiting concentration Cmin being determined by the
sensitivity threshold of the photographic material. The area of this ellipse with
halfaxes:

a = ox(2 1nc111/c1ni11)1/2; b = 0’1/(2 lx‘lcm/cmin)l/2
) nab = 2 nogoy(ln g — In 2 o204 Cmin) . (25)

I

is proportional to the logarithm of the total amount of substance in the spot. Since it is
much easier to measure the length and the breadth of the spot on the photograph
(24 and 2b, see eqn. 25) instead of o, 6y, Cn, it is advisable to use eqn. (25) for
the determination of the total amount of substance in the spot. In particular, for two
spots of the same substance (with oz and oy identical) it follows from eqn. (25):

Aln(gi/ge) = S1 — Sg (26)

where A = 2 o0y is a constant for the conditions used.
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If partly overlapping spots are obtained it is possible to separate them on the
photograph and to measure them quantitatively by selecting a higher sensitivity
threshold Cmn. This is convenient since it requires far less time than is necessary for
working out new conditions of chromatography. Evidently this method is usable only
to a certain limit Cmax determined by the contrast properties of the photographic
paper.

The solution of eqn. (14) was obtained for the case of constant velocity of the
spot (v = const.). Nevertheless in practice the rate of the process varies with time
(or with the distance from the origin to the front of the eluent Rj).

But we can divide the time into intervals small enough to consider the velocity
as being constant during each of them. Then it is possible to apply eqn. (14) to these
intervals and to come to the final result by summation.

The data mentioned above were obt'uned by means of ascending chromato-

graphy.
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SUMMARY

A dynamic theory of thin layer chromatography has been worked out. Tt isa
theory of two-dimensional non-ideal and non-equilibrium chromatography.

A basic differential equation has been derived and its fundamental solution
obtained. It follows from this solution that the concentration of the substance in the
chromatographic zone is described by a two-dimensional Gaussian distribution.
Its degree of anisotropy depends on the nonequilibrium character of the process
(T value).

On the basis of this theory the peculiarities of thin layer chromatography are
discussed. The influence of experimental conditions upon the efficiency of separation
and sensitivity of detecting a substance on the plate is predicted and verified. The
most important factor is the grain size. Dependence of kinetic spreading (the elonga-
tion of the chromatographic spots) on Ry has been shown. This value passes through
a maximum when Rp = 0.5.

It was shown that it is possible to measure 7, the kinetic lag parameter, directly
from chromatograms

A precise method for the determination of small amounts of substances in
chroma.tographm spots was worked out on the basis of the theory. The measurement
is carried out by means of two-coordinate densitometry. Another variation of this
method involves determination of the area of the chrornatographlc spot by a photo-
graphic technique,

REFERENCIES

1 E. Stany (LEditor), Dinnschicht-chvomalographie, ein Labovatoviumshandbuch, Springer-Verlag,
Berlin, 1962,
2 S. E. BRESLER AND J. S, UFLAND, Zh, Tekhn, Fiz,, 23 (1953) 1443.

J. Chrvomatog., 31 (1967) 360-368



