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SUMMARY 

The tailing peak shape observed in liquid-solid chromatography is analysed 
on the basis of the assumption that peak tailing at high solute dilution is a kinetic 
effect of slow adsorptiondesorption processes. Gaussian functions are fitted to the 
leading profiles of experimental peaks, and the portions of the peaks deviating from 
the Gaussian functions are separated as apparent tail portions. The fractional area 
of the apparent tail portion decreases and i,ts relative length with reference to the 
elution time increases with increasing mobile phase flow-rate, indicating that this 
portion of the peak is strongly influenced by the kinetic et&t of slow processes. By 
adding a small amount of water to the mobile phase the fractional tail area is dimin- 
ished and an almost Gaussian profile is obtained. The role of water in reduction of 
the tail area is to retard the adsorption of solute molecules in the slow process. 

INTRODUCTION 

In liquid-solid chromatography (LSC) with polar adsorbents the main prob- 
lem regarding separation efficiency is the tendency of highly polar solutes to give rise 
to “peak tailing”. The peak asymmetry in LSC is attributed in part to the non- 
linearity of the relevant isotherm and solute overloading. However, the peak tailing 
phenomenon persists even at high solute dilution and it has the character of kinetic 
effects, i.e., the appearance and degree of peak tailing depend on elution time, as will 
be discussed below. For such behaviour of polar solutes to occur in LSC, it may be 
necessary for a distinctively slow adsorption-desorption process to take place in LSC, 
together with rapid exchanges. 

The effects of such slow kinetics on chromatographic peak shape (kinetic tail- 
ing) were first discussed by GiddingslJ on the basis of stochastic theory. Accordingly, 
if the exchange of solute molecules between the mobile and stationary phase is suf- 
ficiently rapid, as is usually assumed, the injection of a very minute volume of an 
infinitely dilute sample yields a eluite zone of Gaussian form almost instantaneously. 
However, if there exist in the stationary phase some special sites on which solute 
molecules are slowly adsorbed and desorbed, a significant portion of the injected 
solute molecules are eluted without being captured by these sites, and those captured 
at least once by the sites take part in the formation of an additional eluite zone 
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Fig. 1. Simulated elution chromatogram, representing the tail-producing effect of a slow adsorption- 
desorption process with finite first-order adsorption and desorption Fate constants. 

(“tail”) after the Gaussian zone, as shown in Fig. 1. The area of the tail relative to 
that of the whole peak depends on the adsorption rate constant on the “tail-pro- 
ducing sites” and the Gaussian zone elution time, while the length of the tail relative 
to the Gaussian zone elution time depends on the desorption rate constant on the 
sites and the elution time. 

In previous papers3v4 we showed that at high solute dilution the LSC peak 
widths of polar solutes are reduced by the addition of a small amount of highly polar 
solvent, such as methanol or water, to the mobile phase. Most of these reductions in 
peak width were accompanied by decreases in the peak asymmetry, measured at 10% 
of the peak height. From the above discussion, such a change in peak shape may be 
regarded as either or both of the following two possible effects of additive polar 
solvents, acting on the slow adsorption-desorption process in LSC: (a) reduction in 
peak-tail length by accelerating desorption on tail-producing sites and (b) reduction 
in peak-tail area by retarding adsorption on tail-producing sites. 

In order to differentiate between these effects, we have devised a method for 
evaluating the area and length of the tail. In this method, a simplified equation, 
developed by Chesler and Crams, for representing peak shape is used. A Gaussian 
function is fitted to the leading profile of an experimental peak, and the portion 
deviating from the Gaussian is described by an empirically devised function as an 
“apparent tail portion”. 

The aim of this paper is a qualitative analysis of the peak-tailing phenomenon 
in LSC by the above method. 

EXPERIMENTAL 

Chemicals 
The deoxynucleoside derivatives chosen as sample solutes were prepared in our 

laboratory from deoxynucleosides according to a literature procedure6. The reagents 
used for sample preparation, other sample solutes and solvents were purchased from 
Wako (Osaka, Japan). 

Chromatographic experiments 
All chromatographic experiments were carried out on a Model 5021 chro- 

matograph (Varian, Palo Alto, CA, U.S.A.). The column was 250 mm x 4 mm I.D., 
packed with LiChrosorb Si-60 with a particle size of 5 pm (Merck, Darmstadt, 
F.R.G.). 
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The column was thermostated at 40°C by heating jacket. Mobile-phase solvent 
mixtures were introduced into the column by a reciprocal pump, equipped with a 
pulse damper. Each sample solute was dissolved in the mobile phase examined, at a 
concentration about 1 a 1OF M, and about 1 ~1 of this solution was injected into the 
column by a Valco sampling valve. An SPD-1 UV detector (Shimadzu, Kyoto, Japan) 
was used, having a cell volume of 6.4 ~1 and a path length of 8 mm. The wavelength 
used was 280 mn. The stainless-steel tubing connecting the injector, column and 
detector with each other was of 0.1 mm I.D. 

DATA HANDLING AND CALCULATIONS 

Chromatographic data acquisition 
Detector responses were introduced into the data processor (Model XOOOA; 

System Instruments, Tokyo, Japan) during each chromatographic run and recorded 
to obtain a digital chromatogram, which was then stored on an S-in. magnetic disk. 
On the data processor, the chromatogram was converted at the next step into discrete 
point data, consisting, depending on the relative length of the peak tail, of 100-200 
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Fig. 2. Fitting of the Chesler-Cram equation to a discrete point chromatogram (0), and plots of residuals 
between data points and total function values: (A) initial estimate; (B) best fit. 
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points picked up at constant intervals, so that about ten points were taken from the 
leading side of the peak. The discrete point data were transferred from the data 
processor to the l&bit microcomputer (PC 9801; NEC, Tokyo, Japan), on which the 
peak shape was examined. All programs for treating the discrete point data were 
written in BASIC. 

The baseline level of the transferred discrete point chromatogram was cor- 
rected for long-term baseline drifts. Two sets of succesive data points (about ten 
points) were chosen from the regions of time preceding and succeeding the objective 
peak. Each set of points was arithmetically averaged to determine the zero level of 
the mid-point time of the set of points. The zero levels fur the intervening (peak) 
region were determined by a straight line, linking the two average values of the two 
end regions. The corrected data points between the mid-point times of the two end 
regions were used for curve fitting (see Fig. 2). 

Curve-fitting procedure 
Most of the curve-fitting procedure was carried out in accordance with a paper 

by Chesler and Crams. -Certain points were modified, especially those for the initial 
estimate determinations. 

The Chesler-Cram equation is 

Y(t) = G(t) + E(t) (1) 

Where Y(t) is the vertical axis amplitude on 
the Gaussian function: 

the chromatogram at time t and G(t) is 

G(t) = Pr exp [-(f - P#/2Ps] (2) 

E(t) is an exponentially decayed hyperbolic tangent (EH) function which has been 
empirically devised and is used to represent tail distributions in this study: 

E(t) = 0.5 P1P6(tanh[Pz (t - P3)] + 11 

(expE-0.5 P7(]t - PSI + t - Pa)]1 
(3) 

P1 - Ps are parameters of this non-linear equation. Their values in the initial step 
were set in the following way for each corrected discrete point chromatogram. PI 
and P4 were given as the amplitude and time of the peak maximum, respectively. P2 
and P3 were given as functions of the initial Pg. 

Pz = I/&; ~3 = ~4 + 2Jp5 (4) 

P5 was given as the square of the difference between the initial P4 and time of the 
point nearest to the amplitude level of 0.507P1 in the leading side of the peak. P6 
and P7 were given as follows: 

P6 = WEPI ew (- 8 JP5 P; I WI; P7 = Pi J P;j (5) 
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where P6 and P; are the absolute values of the mean amplitude and slope, respec- - 
tively, at time P4 + ~JP,, determined by averaging six points near this time. PS was 

given as P4 -4JpS. 
These parameter values were used in the above equation (Fig. 2A), and the 

residuals between corrected data points and corresponding Y values calculated from 
the equation were used, in a feedback mode, to alter iteratively the parameter values 
so that the sum of the squared residuals would eventually diminish. The least-squares 
method used for this parameter alteration was according to Roberts et aL7. 

The iterative process consisted of two stages. In the first stage, certain accel- 
erating techniques and constraints were applied in calculating altered parameter val- 
ues for the rapid and stable convergence of residual diminution. The forcing factor 
(= 2) was applied to the diagonal terms of the matrix for the set of normal equations 
involved in the least-squares method, as in ref. 7. In the course of the first four 
iterative steps, the following two constraints were implemented. If an altered value 
exceeded the 1. l-fold value of the one-step-former value, the parameter value was set 
to the l.l-fold value. The initial value of P8 was maintained through the four steps. 
When the difference in the sum of squared residuals between two successive steps 
was less than one tenth the sum of the first of the two steps, this stage was no longer 
continued. 

In the second stage, iteration proceeded without acceleration and constraints 
until the difference in the squared residual sum between the successive steps became 
less than one-thousandth the former sum value. The iteration was then terminated, 
and the parameter values for the best-fitted curve were determined (Fig. 2B). 

Area calculation 
Areas under the fitted curves were calculated numerically, as these functions 

are not directly integrated in closed forms. The Simpson quadratic approximation 
was used to obtain the numerical solutions. 

The ranges of time over which the quadratic approximations were applied were 
determined as follows. The range for the fitted Gaussian function was that covered, 
centering around the Gaussian mid-point time, by a radius of six times the determined 

JE value. The amplitude for the limits of both sides is the 1.5 lOPa-fold value of 
PI. The range for the fitted EH function was determined so that it would have the 
same limit amplitude value as that of the Gaussian function. 

The approximated value for area was repeatedly calculated, while the unit time 
period for which single quadratic functions were fitted to portions of curves was 
reduced by gradually bisecting the entire range. When the difference between the area 
estimates of two successive steps became less than 5 I IO-’ times the former estimate 
of the two, calculation was terminated and the area was determined. 

The reliability of the present area approximation was checked indirectly by 
calculating a higher order moment which always requires a better accuracy than that 
for the zeroth moment (area). The theoretical value of the “excess” for a Gaussian 
distribution is exactly zero, and the calculated absolute value was reduced by the 
present approximation to less than 1 . lo-‘. 

By use of experimental chromatograms with a high signal-to-noise ratio ( < 1% 
for the relative standard deviation of baseline noise with reference to the peak height), 
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the standard deviation for the residuals between experimental data and correspond- 
ing fitted-curve values was reduced to less than 1.5% with reference to the peak 
height. As a result, the fractional areas of tails relative to total peak areas were 
determined with standard deviations less than 5% with reference to the average val- 
ues of the fractional areas. 

THEORETICAL 

Basic assumption 
As shown in Figs. 3-6, LSC gives almost symmetric Gaussian peaks for certain 

solutes and tailing peaks for others at high solute dilution. From this fact, it may be 
assumed that there exists some process in LSC to convert peak shapes from original 
Gaussian forms to tailing forms. As described above, this conversion may be caused 
by the presence of distinctively slow adsorption-desorption processes which produce 
tails at the expense of original Gaussian zones. In this respect, the tails represent the 
distributions of solute molecules captured at least once by tail-producing sites (cap- 
tured solute molecules). Our peak-shape analysis was developed on the assumption 
that the apparent tail portion, which is separated in a subtractive manner by fitting 
a Gaussian function to the leading profile of the peak, represents the distribution of 
the captured solute molecules. 

However, the actual tail distribution formed by captured solute molecules may 
be correctly separated by the present procedure, provided that the captured and 
uncaptured molecules are predominant in the formation of the trailing and leading 
edges of peaks, respectively. Many tailing peaks obtained in the LSC system at high 
solute dilution have nearly symmetric Gaussian-like top shapes, possibly attributable 
to the predominance of uncaptured molecules in the leading side. The distribution 
of the captured and uncaptured molecules can be fairly separated by the present 
procedure, as the top of this distribution may actually be located in the neighbour- 
hood of the peak maximum and hence be reliably estimated by the procedure. 

As the relative height of the captured molecule distribution increases, these 
molecules should determine for the most part the profiles of both sides of the peaks. 
The Gaussian shape of the uncaptured molecule distribution may then become in- 
distinctive in the peak profile, which may be wholly asymmetric. Peak shapes of this 
type were observed for polar solutes eluted in non- or less-hydric LSC mobile phases 
(Fig. 4A). The leading side profiles of these peaks greatly differed from Gaussian 
forms. By the Chesler-Cram procedure, the actual uncaptured molecule distributions 
may not necessarily be found from these peaks, because the empirical EH function 
is used to describe the tails. Our peak shape analysis is therefore limited to peaks of 
the former type, having nearly Gaussian tops and relatively small tail heights, and 
the basic assumption will be tested by this analysis. 

Fractional tail area 
In the above limitation, the ratio of the apparent tail area to the total peak 

area (fractional tail area) obtained for a solute sample eluted in LSC is considered 
to be equal to the overall molar fraction of solute molecules that have participated 
in some slow adsorption+lesorption process in the LSC column during solute zone 
elution. The molar fraction of captured molecules is an increasing function of the 
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zone elution time and the adsorption rate constant of the slow process. It decreases 
with increasing flow-rate of the mobile phase, as the zone elution time decreases with 
increasing flow-rate. If the apparent tails actually reflect captured solute molecules, 
area fractions must decrease with increasing flow-rate, and peak shapes will approach 
Gaussian forms. 

Relative tail length 
The degree of extension of the peak trailing edge, observed as the length of 

the apparent tail, is regarded as resulting from the slow desorption of captured solute 
molecules on the tail-producing sites. The desorption rate constant of the slow pro- 
cess determines the degree of dispersion of captured solute molecules in chromato- 
graphic development. When the migration of uncaptured molecules is so fast that it 
cannot be followed by the desorption of captured molecules, the captured molecule 
distribution may have a significant length in the trailing side of the peak. The ratio 
of this length to the Gaussian zone elution time becomes larger when zone migration 
is faster. Hence the basic assumption will be tested in this regard by examining the 
ratio of apparent tail length to elution time of the Gaussian component (relative tail 
length). 

The length of the apparent tail portion is evaluated from its relative height and 
area because of relatively large errors in describing the portions of the peaks near 
the baseline with reference to those for the portions near the tops of apparent tails. 
If a captured molecule distribution is more dispersed with its fractional area remain- 
ing constant, its height will decrease. A decrease in tail height corresponds to an 
increase in tail length. Tail length can be evaluated comparatively by assuming that 
the shape of the actual tail function is constant and tail height is inversely propor- 
tional to tail length. The standard deviation for tail dispersion in time scale (gr) is 
thus expressed simply as 

or = CT ar I hr Cf.31 

where ar and hT are the absolute values of tail area and height, respectively; cr is 
constant but is not mathematically calculable here. The corresponding expression for 
the standard deviation of the Gaussian portion (ac) is 

where co iS COnStaUt and ad and ho are the 
Gaussian component. 

Combining eqns. 6 and 7, we obtain 

CT aT hi 
UT = 

CG aG hT 
. CG 

(7) 

corresponding area and height of the 

@> 

Here, the values of go and ratios ar/ao and hG/hT can be precisely determined from 
the preSent curve fitting, but the ratio cT/cG iS unknown. &XUSe cT/cG is constant, 
we define a new quantity (ui) to measure comparatively the length of apparent tail 
portion: 
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CG a; = - . CT = 

aT he 
__ ’ bG (9) 

CT aG hT 

Accordingly, relative tail length is defined as d k /t R,G, where tR,o is the elution time 
for the top of the Gaussian portion (Gaussian retention time). In other words, eqn. 
9 evaluates the degree of tail dispersion from the ratio of the reduced tail height, 
hT/aT, to the standardized Gaussian height, hGaG/aG, which corresponds to the height 
when the Gaussian portion is transformed so as to have unit area and width. Using 
this equation we can compare the tail lengths of peaks differing in fractional tail area 
and Gaussian width. It should be noted, however, that hT is not completely indepen- 
dent of bo, although it is required to remain unchanged with varying bo. The Gaus- 
sian width, do, is considered to be a cumulative effect of all band-broadening phe- 
nomena involved in LSC development, except the tail-producing process. The band- 
broadening process that determines a o should also influence the apparent tail dis- 
tribution, especially in its leading part. When bo increases, the slope of the tail leading 
edge decreases and hence the tail height decreases. However, the effect of changes in 
bo on the tail height should be small relative to that on Gaussian height within a 
range of similar bo values, and it is neglected in the present analysis. 

Extra-column eflects 
The basic assumption in the present analysis does not take into account the 

effects of the hydrodynamics of eluent flow outside the column on peak shape. How- 
ever, it is necessary to distinguish these effects for characterizing the tail-producing 
process inside the column. 

Extra-column asymmetric broadening effects observed on chromatograms 
can be caused by eluent flow pathways between the sample injection loop and the 
detector flow cell and/or by an electronic device which detects and records sample 
elution*. The peak-tailing phenomenon in the extra-column flow pathway may be 
modelied as the hydrodynamic effect of an expanded eluent chamber placed in the 
course of eluent flow pathway, which is not rapidly swept by the eluent flow because 
of its expanded diameter. The slow response effects of electronic devices in the de- 
tecting and recording system may be considered to be similar to those of the eluent 
charnls9r’. 

These extra-column effects can be conveniently described by means of the ex- 
ponentially modified Gaussian modelg, in which peak asymmetries are related to the 
slow release of solute molecules from the hypothetical eluent chamber. Accordingly, 
as the flow-rate increases, the peak asymmetry should increase and the elution time 
should deerease to an extent less than that expected from the flow-rate change in the 
presence of sources of extra-column effects. 

In Chesler-Cram curve fitting, the extra-column effect may possibly be ob- 
served as larger and longer apparent tails and/or poorer fits in the leading side of 
peaks at a higher flow-rate. When Chesler-Cram curves are excellently fitted to the 
leading side of a peak obtained at the higher flow-rate, the extra-column peak shape 
effect may be discussed on the basis of changes in apparent tail distribution. The 
magnitude of the extra-column effect convoluted in apparent tails will be evaluated 
by using the solute-non-specificity of this effect, i.e., by examining less polar solutes 
which incur tail producing to a lesser extent (less-tailing solutes). 



Fig. 3. Best fits of Chesler-Cram curves to experimental peaks of n-butyl phthalate, chromatographed on 
a silica gel column with n-hexane-ethyl acetate (98:2, v/v) at a flow-rate of (A) 1 ml/min and (B) 4 ml/min. 

RESULTS AND DISCUSSION 

Less-tailing solutes 
Fig. 3 shows the best fits to peaks of n-butyl phthalate, eluted with n- 

hexaneethyl acetate (98:2, v/v) at different flow-rates in the LSC system. The fitted 
Gaussian, apparent tail and total distribution for each peak are simultaneously plot- 
ted on the same coordinate system. The horizontal coordinates represent the time 
from injection relative to the hold-up time (to), corresponding to the column void 
volume. The column void volume was measured by eluting an n-hexane sample with 
the same mobile phase at a flow-rate of 1 ml/min, and the hold-up time at 4 ml/min 
was calculated from this measurement considering the expected error in measuring 
to at this flow-rate caused by the extra-column effects. The elution time of this solute 
is longer at a higher flow-rate than expected from that at a lower flow-rate, suggesting 
the presence of an extra-column tailing source. 

The leading and upper parts of both peaks fitted well to Gaussian forms, and 
departures from the Gaussian functions in the trailing side were estimated as small 
apparent tail areas. This fact permits us to discuss the effects of intra- and extra- 
column processes, using these apparent tail components, and to analyse these com- 
ponents according to the above principles. 

The fractional tail areas, relative tail lengths and Gaussian widths of these 
peaks are shown in Table I. The relative tail length increases with an increase in 
flow-rate from 1 to 4 ml/min. This tail behaviour agrees with both of those expected 
independently on the assumptions of intra- and extra-column slow processes. How- 
ever, these two processes should have counteracting effects on fractional tail areas. 
A 38% decrease in tail area is actually observed with a flow-rate increase, indicating 
that the influence of the intra-column process predominates in the change in tail 
distribution. Apart from the above-mentioned retention change, the extra-column 
effect on peak shape may be considered to be relatively small over the flow-rate range 
studied. 

TABLE I 

PEAK-SHAPE DATA FOR n-BUTYL PHTHALATE, CHROMATOGRAPHED ON A SILICA GEL 
COLUMN WITH n-HEXANE-ETHYL ACETATE (98:2, v/v) 

Row-rate 

(mljmin) 

1.0 0.090 0.083 8.4 7.1 
4.0 0.056 0.047 12.0 9.5 
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It should be noted that when there are large voids in the column (as produced 
by cracking of column .bcd) the peak shape is analogous to that of slow 
adsorption-desorption kinetics if the voids act as diffusion chambers*. Including this 
void effect, extra-column band-broadening effects generally have a hydrodynamic 
character and depend on the solute diffusivity in the mobile phase, which is a function 
of mobile-phase composition and solute molar volumelo. As long as comparisons 
are made among solutes that do not differ greatly, in molecular size and LSC reten- 
tivity and a series of hexane-based mobile phases are used, differences in diffusivity 
in an intra-column large void space or extra-column flow pathways should not give 
rise to any significant peak-shape differences. The magnitude of these effects can be 
considered to remain constant within such comparisons at a constant flow-rate. 

Based on the above discussion, we can evaluate the effects of an intra-column 
process on the peak shape of a tailing solute. Whether or not a large void process 
takes part in the formation of the tails of less tailing solutes, the whole effect of intra- 
and extra-column processes on the peak shape may be relatively small for such sol- 
utes. For this reason, these peaks can be used as standards at the respective flow- 
rates. That is, if the apparent tail for a solute is larger than that of a less-tailing 
solute, it may be regarded as being produced mostly by an in&a-column microscopic 
(adsorption-desorption) process, and the magnitude of the effects of this process may 
be discussed in comparison with the standards. 

Tailing solutes 
Figs. 4-6 show various profiles of the tail production phenomenon observed 

for LSC of a polar solute at high solute dilution. The solute examined is trianisoyl- 
deoxycytidine, an intermediate product in chemical oligonucleotide synthesi@. We 
have studied the behaviour of these deoxynucleotide derivatives in LSC as examples 
of polar multi-functional solutes having various polar groups3,4. The present sample 
was chosen for its ease of detection within the linear isotherm range. This compound 
has been found to give asymmetric elution profiles under most LSC conditions, and 
the degree of peak asymmetry is higher than that of the corresponding less-polar 
tribenzoyl derivative. 

A series of solvent mixtures, consisting of non-polar and polar solvents, are 
suitable for eluting a wide range of polar solutes from a silica gel column. For eluting 
highly polar solutes, such as nucleoside derivatives, and for dissolving water in the 
mobile phase without emulsification, the kinds of organic solvents available as polar 
components are limited (aliphatic alcohols, dioxane, etc.). Here, we used n-hexane- 
2-propanol mixtures in various proportions to examine a wide range of water con- 
centrations. When these mixtures are used without adding water, the peaks of the 
solute examined become highly dispersed. It is very difficult to obtain clear chro- 
matograms for such dispersing solutes at small sample sizes. Reliable curve fitting 
cannot be carried out without clear chromatograms. For this reason, comparisons 
were made by varying the amount of water added to the solvent mixtures. 

Fig. 4 demonstrates the tail-reducing ability of water added to the mobile 
phase. Here, the horizontal coordinates are time relative to Gaussian retention time 
to compare tail lengths visually, because the retentivity changes greatly on increasing 
the water concentration from 0.1 to 0.3%. It can be clearly seen that the apparent 
tail area and length are greatly reduced as the water content increases. 
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Fig. 4. Best fits of Chesler-Cram curves to experimental peaks of N,3’,5’-0-trianisoyldeoxycytidine, chro- 
matographed on a silica gel column at a flow-rate of 1 ml/min with n-hexane-2-propanol-water mobile 
phases: (A) 70:30:0.1; (B) 70:30:0.3; (C) 70:30:0.5 (v/v). 

Fig. 4A shows a peak obtained with the least amount of water (cu. O-l%, v/v). 
This peak is highly asymmetric and its top shape differs greatly from the Gaussian 
shape. As discussed above, the Gaussian portion separated from such a peak is not 
likely to represent the distribution of solute molecules not captured by slow processes. 
The actual uncaptured molecule distribution may possibly have a much smaller popu- 
lation than that shown in Fig. 4A, as inferred from the top shape deviation from the 
Gaussian form. 

As the water content increases to 0.3% or more, the peak tops become nearly 
symmetric and Gaussian (Fig. 4B and C). The uncaptured molecule distributions for 
these peaks may be accurately separated by the present curve-fitting procedure. The 
effects of water are thus analysed from Fig. 4B and C, although decreases in tail area 
and length are apparent when the water content increases from 0.1 to 0.3%. Both 
peaks have tails larger and longer than that of the standard peak (Fig. 3A), while 
the relative Gaussian widths (co/~~,o) are almost similar to the standard, as in Table 
II. This suggests that some kind of microscopic process that produce tails is operative 
in the LSC column, and variations in the degree of dispersion of elution peaks in 
LSC are almost solely due to this tail-producing process. 

A slight increase in water content in the mobile phase from 0.3 to 0.5% leads 
to a cu. 26% decrease in tail length and a 45% decrease in tail area, the relative 
Gaussian width remaining almost constant. Such water effects are also evident in 
Fig. 5, where the 2-propanol concentration in the mobile phase is decreased to ca. 
20% and the corresponding chromatogram at a 0.1% water content is replaced with 
that of a 0.2% content for the sake of analysis. In this instance, the fractional areas 
and relative lengths of tails are less than those in Fig. 4 at each water content, while 
the tendency for a decrease with increasing water content remains unchanged. The 
fractional tail area at a 0.5% water content (Fig. 5C) is comparable to that of the 
standard. 
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Fig. 6. Best hts of Ches~er-Cram curves to experimental peaks of N,3’,5’-0-trianisoyldeoxycytidine, chro- 
matographed on a silica gel column at a flow-rate of 4 ml/min with the same mobile phases as in Fig. 5. 

slowly to form most of the apparent tail portion. As the flow-rate increases and the 
Gaussian retention time (ta,o) is reduced, the number of captured solute molecules 
and the fractional tail area decrease, and the apparent tail length, determined by the 
rate constant of slow desorption, is magnified relative to I~,~. 

Here, it is expected that, if the tail-producing sites have higher adsorption rate 
constants for particular types of solutes, the fractional tail areas of the solutes will 
be larger at each flow-rate, and the degree of change in the fractional area observed 
with a flow-rate change will also be larger within the range of relatively small tail 
areas (<OS for the fractional area). This may actually be the case with the polar 
tailing solute, studied in this work, when compared with the less-tailing standard 
solute, where the difference in fractional tail area between the two experiments at 
different flow-rates is about six times larger for the former solute (at 0.2% water) 
than for the latter. The specificity of the tail-producing process for polar solutes is 
thus explained in terms of high adsorption rate constants for polar solutes at tail- 

TABLE III 

PEAK-SHAPE DATA OF N,3’,5’-0-TRIANISOYLDEOXYCYTIDINE, CHROMATOGRAPHED 
ON A SILICA GEL COLUMN AT A FLOW-RATE OF 4 ml/min 

Mobile phase composition: odCa0 + 4-i b/ho I@&lh,G 1@~G/hw 

n-hexinu-2-propmo-water (v/v) 

80:20:0.2 0.199 0.182 22.2 16.3 
80:20:0.3 0.174 0.140 22.9 15.2 
80~20~0.5 0.097 0.073 21.3 14.5 



60 T. OHKUMA, S. HARA 

producing sites and low desorption rate constants obviously observable as long 
apparent tails. 

Based on the above interpretation, the effect of water added to the mobile 
phase is related to the kinetics of the tail-producing process. The fractional tail area 
is reduced with increasing water content at any flow-rate. The change in fractional 
tail area observed with flow-rate changes is also reduced with increasing water con- 
tent. These effects indicate that the increase in water concentration leads to a decrease 
in the solute adsorption rate constant at tail-producing sites (and the number of 
captures of solute molecules per unit time period). 

The effects of water on relative tail length is more difficult to explain. At a 
lower flow-rate, the relative tail length decreases with increasing water content, as 
observed above. More precisely, the relative tail height @r/ho) decreases with in- 
creasing water to a lesser extent than that calculated from corresponding decrease in 
tail area ((aT/aG), suggesting a reduction in dispersion of the captured solute mole- 
cules. This reduction can be caused by accelerating desorption from tail-producing 
sites. However, assuming the apparent tail to be composite and formed by two or 
more types of independent slow adsorption sites differing in kinetics, an alternative 
explanation may be suggested for this effect. If the tail-producing sites of the lowest 
desorption rate constant are chiefly responsible for the last-eluted part of the appar- 
ent tail portion and the adsorption on these sites is most specifically retarded by 
water, the fractional area of this part of the apparent tail may be most specifically 
reduced, leading to the tail height bchaviour described here. 

At higher flow-rates, the changes in relative tail length observed with increasing 
water content are less or not significant. That is, tail-height changes are nearly pro- 
portional to the corresponding changes in aT/aG and hence any significant reductions 
in tail dispersion (and acceleration of desorption) are not evident with increasing 
water content. This behaviour is explained without conflicting with that for the lower 
flow-rate, if we further assume variations in operative sites with changing flow-rate. 
If the more slowly desorbing sites have a less significant area in the apparent tail at 
this higher flow-rate because of, their lower adsorption rates, the tail becomes no 
longer composite, and this behaviour is expected. Hence all changes in the relative 
tail length can be explained from the effect of water on the adsorption rate constant 
on tail-producing sites. In conclusion, water added to the mobile phase is likely to 
reduce tail dispersion by retarding the solute adsorption specifically for tail-produc- 
ing sites from which solute molecules are more slowly desorbed, rather than by ac- 
celerating the desorption. 

Role of mobile phase solvents 
The role of mobile-phase solvents in determining the kinetics of tail-producing 

processes may be explained on the basis of the assumption of competitive adsorption 
at tail-producing active sites on silica surface. It is expected from the above discussion 
that, at tail-producing sites, adsorption rate constants may be higher and desorption 
rate constants lower for more polar solvents as well as for more polar solutes. The 
mobile phase is dynamically equilibrated with the stationary phase before solute 
samples are injected, and all station&y-phase adsorption sites are occupied by solvent 
molecules. The equilibrium constants for the adsorption of a component of the mo- 
bile phase on each type of adsorption site is given by the ratio of the rate constants 
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of adsorption and desorption of the component on the site from and into the solution. 
This ratio may be expected to be higher for more polar solvents and hence water, 
the most polar solvent used, may have the highest equilibrium constants for adsorp- 
tion on tail-producing sites. As a result of the addition of water to the mobile phase 
system examined in this study, tail-producing sites may be extensively occupied by 
molecules of water even though its concentration in the mobile phase is low relative 
to the concentrations of the other components. 

Polar molecules, adsorbed on the tail-producing sites, are likely to cause the 
kinetics of solute adsorption to be so slow as to produce tails, as the molecular 
exchange rate on surface sites is decreased by adsorption of polar solvents. In par- 
ticular, water molecules may retard the adsorption kinetics to such an extent that 
solute adsorption virtually, does not occur. Hence water molecules may reduce the 
number of available tail-producing sites by preferential adsorption and, therefore, 
decrease the (apparent) adsorption rate constant. 

As in Figs. 5 and 6, tR,G does not decrease greatly with increasing water content 
beyond 0.2% and a slight increase in t R,G is observed with a water content increase 
from 0.2 to 0.3%. Such effects were also found for other solutes in similar systems3J1 
and considered to be related to the virtual completion of a water monolayer on the 
silica surface and with a decrease in the solute activity coefficient in the stationary 
phase due to the hydration of solute molecules, adsorbed on the water layer, with 
excessive water molecules in the stationary phase 12. The results of this study suggest 
that, at a water concentration in the range 0.2X).5%, a very small number of the 
surface-active sites that are not occupied by water molecules have virtually no influ- 
ence on retention time, but are still operative for the tail production. 

As the concentration of 2-propanol in the mobile phase increases from 20 to 
30%, while the water content remains constant at 0.3 or 0.5%, the equilibrium con- 
centration of water in the stationary phase decreases owing to the competitive effect 
of 2-propanol and/or to a decrease in the activity coefficient of water in the mobile 
phase. This may result in an increase in the number of available tail-producing sites 
and, therefore, an increase in the solute adsorption rate constant and tail area, as is 
evident in Table II. 

However, it can be expected that if the water content is increased simulta- 
neously with 2-propanol, additional water may counterbalance the effect of 2-pro- 
panol, supplementing the number of adsorbed water molecules for tail-producing 
sites. This is also evident in Table II. At a 0.3% water concentration, the fractional 
tail area increases by a factor of cu. 1.8 with an increase in 2-propanol concentration 
from 20 to 30%. When the water concentration is increased from 0.3 to 0.5% with 
this 2-propanol increase, no significant change is observed in fractional tail area 
(Table II). Hence experimental data support the explanation of the role of polar 
molecules in influencing solute adsorption kinetics on tail-producing sites. 

Dependence of tail production on solute residence time in the mobile and stationary 
phases 

Here, we return to the tail area changes observed with flow-rate changes. Con- 
sidering the roles of adsorbed solvent molecules influencing tail areas, it might be pos- 
sible that these changes include those resulting from a change in the equilibrium 
composition of the stationary phase, which is induced by a pressure change incidental 
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to a flow-rate change. This was checked by experiment. The change in Pressure eWiv- 

alent to that due to a flow-rate increase was attained by connecting packed columns 
to the outlet of the detector, but any significant changes could not be observed in the 
fractional tail area with this pressure change. The stationary phase composition may 
not vary signscantly in the range of flow-rates studied. Therefore, we can conclude 
that these tail-area changes represent purely the dependence of tail production on the 
residence time of the solute zone in the column and that the fractional tail area is 
actually an increasing function of this time. 

The solute residence time in the column is divided by time in the mobile phase 
(hold-up time, to) and in the stationary phase (net retention time). We have explained 
the effects of 2-propanol on apparent tails regardless of those on solute retention 
time. However, if the mechanism of the tail-producing process involves, as its first 
step, ordinary rapid adsorption, which, by itself, determines the retention time of the 
Gaussian zone, the fractional tail area must depend on the net retention time for the 
Gaussian component (tRR,o - to). Such a secondary adsorption was found in re- 
versed-phase liquid chromatography for various proteins as a result of their confor- 
mational unfolding in the alkyl-bonded stationary phase13. In this instance, the de- 
gree of unfolding and secondary adsorption, observed as the appearance of an extra 
later eluting peak, was a function of the time the solute is in contact with the bon- 
ded-phase surface (the net retention time of the original peak). 

If the tail-producing processes are not such secondary transitions of the ad- 
sorbed state of solute molecules and occur independently, the fractional tail area 
should not be dependent on the net retention time but be merely a function of the 
hold-up time. This appears actually to be the case in the LSC tail-producing process 
when the effects of 2-propanol on solute retention have no relation to tail area. Tail 
production Persists when polar solutes are eluted with a time almost equal to the 
hold-up time (with almost zero net retention time). The tail-producing process is 
hence due to ~10~ adsorption-desorption processes occurring independently of the 
rapid solute exchange that determines Gaussian retention. 

CONCLUSIONS 

The results of this study demonstrate that the problem of peak tailing in LSC 
at high solute dilution may be treated as a kinetic effect of distinctively slow 
adsorption-desorption processes in column development. The appearance of peak 
tails depends on the mobile-phase flow-rate and the polarity of the solute and solvent. 
Although the tail-producing process is analogous to a rapid adsorption-desorption 
process with respect to solute specificity (or selectivity), the tail production may be 
caused by the presence of a small number of surface-active sites which have virtually 
no influence on solute retention. For suppressing the tail production, a slightly excess 
amount of water should be added to the mobile phase compared with the minimum 
amount of water required to eliminate the effect of surface-active sites on solute 
retention. 

From a practical point of view, we suggest the use of a mixture of a polar 
organic solvent and a small amount of water, which, as a set of polar components 
with a fixed mixing ratio, may be diluted with a non-polar solvent to construct an 
LSC mobile-phase system. This mobile-phase system may be useful for maintaining 
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the effective amount of adsorbed water for tail reduction over a wide range of polar 
organic component concentrations and, therefore, for attaining almost Gaussian 
elution profiles for a wide range of polar solutes. It will therefore enhance the chro- 
matographic resolution of complex mixture samples. 
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