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SUMMARY

Accurate definition and measurement of the thermodynamic dead-volume, V,,,
in liquid chromatography is essential for the correct evaluation of capacity ratios.
Many different recipies for determining ¥, have been suggested. We propose that V,,
be defined as the total volume of all eluent components within the column bed. It is
shown that V,, so defined, is given by

Vm = VA" XA + VB* XB + ...

where V,+ etc. are the elution volumes of isotopically labelled eluent components A
etc., and x, etc. are the volume fractions of A etc. in the eluent fed to the column,
For an (N+1) component eluent there will be (N+ 1) such peaks. If a mixture of
same eluent components but with different composition is injected into the column,
N solvent disturbance peaks will be obtained which, in general, will not coincide with
the peaks for labelled eluent components.

The cases of binary and ternary mixtures are examined in detail and the tran-
sition from peaks due to trace components into solvent disturbance peaks is explored
and clarified. The treatment is generalised to (N+ 1) component mixtures and leads
to important results relating to vacancy chromatography.

Experimental data are presented for binary and ternary eluents which provide
practical validation of the above equation. For binary eluents, A + B, the same data
allow calculation of partition isotherms for A and B between bulk eluent and space
within the column bed, while the elution volumes of the solvent disturbance peaks
in A+ B give the gradient of the isotherm. This theoretical connection is accurately
confirmed by our experimental data and by that of previous investigators [R. M.
McCormick and B. L. Karger, Anal. Chem., 52 (1980) 2249].

On the basis of our theory and experimental data, a critique is given of the
various methods currently claimed to give values for V,,.

0021-9673/85/303.30 © 1985 Elsevier Science Publishers B.V.
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INTRODUCTION

The determination of the dead-volume of a column in liquid chromatography
(LC) presents both theoretical and practical problems. First of all, there are two
independent quantities which occur in the theoretical treatment: these are the dead-
volume required for treatments of the kinetic and thermodynamic aspects of chro-
matography respectively. The kinetic dead-volume which we denote by ¥y is the
volume of the mobile zone, that is the eluent in the interparticle space: the thermo-
dynamic dead-volume includes an additional volume of cluent within the pores of
the particles of column packing and is denoted by V,,.

This paper concerns only the definition and determination of V,,. A more
serious theoretical difficulty arises from the definition of the mobile and stationary
phases in LC, especially reversed-phase LC. Since the mean pore diameter in re-
versed-phase packings is around 10 nm and since the “thickness” of any liquid-liquid
phase boundary is around 1 nm (i.e. going from composition virtually indistinguish-
able from bulk mobile phase to composition virtually indistinguishable from bulk
stationary phase) it is not possible to define the position of this boundary sufficiently
well to give an accurate measure of the relative volumes of the two phases. The
situation is further complicated by the fact that any bonded stationary phase will
preferentially adsorb certain components from eluents. Are these adsorbed eluent
components to be considered as part of the mobile phase or of the stationary phase?
If they are to be considered part of the stationary phase then how do we define and
measure the amounts adsorbed?

An unambiguous definition of what constitutes mobile phase and what con-
stitutes stationary phase in the context of LC using porous packing materials is
impossible. Nevertheless, if we are to make any thermodynamic measurements, which
include simple measurements of column capacity ratios, we must provide a clear-cut
definition of dead-volumen V,, in order that the formula for capacity ratio, k' =
(Vr— Vm)/Vm, can be used and data compared between laboratories. The value used
for V,, and its definition should ideally be the same for all eluents and should be
readily determined with adequate precision.

In a broad sense, V,, is very often stated to be elution volume of an unretained
and unexcluded solute. Unfortunately, this statement begs many questions and has
led to much confusion, especially in regard to how V,, should be measured. Horvath
and Lin! give a clear introduction to this topic pointing out some of the pitfalls in
determining V,,, but without explaining how exactly it should be measured in prac-
tice.

Berendsen et al.2 reviewed the various experimental techniques which authors
have claimed to give V,,, and compared them experimentally without coming to any
final conclusion as to the best method. Wells and Clark® have also discussed the
problem of determining V,, and measured the elution characteristics of a number of
possible solutes which could act as markers. Unfortunately, neither Berendsen et al.
nor Wells and Clark clearly define what they mean by V,, apart from the rather
general statement that it is the elution volume of an unretained and unexcluded
solute. The problem, of course, is to decide which, if any, solute is both unretained
and unexcluded. In fact, the measurements of elution volumes without any other
criterion cannot provide an answer.
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The following recipes have been advocated for the determination of V. .

(1) V,, is the elution volume of a solvent disturbance or system peak obtained
by injecting an eluent component* ®. _ . .

(2) V. is the elution volume of an unionised solute which gives the lowest
retention volume and which is small enough not to be sterically excluded®'°.

(3) Vn is the elution volume of an isotopically labelled com_ponent of eluent,
for example 2H,0, in the case of a reversed-phase packing mater1a15'1.1. .

(4) V, is the elution volume of salt or ion, usually a UY-absorblpg 10

(5) V. is the volume of liquid which the column contains (obtained, for ex-
ample, by weighing full of liquid and then empty) less the volume of any adsorbed
eluent components!®2°,

(6) V., is the volume which, when subtracted from the elution volumes Vi, of
a series of homologues, provides a linear dependence of log (Vr.— V) against #, the
number of carbon atoms in the homologues?-*!.

We are of the firm opinion that none of the above statements give an acceptable
definition of V,,, and in this work we present experimental data to support a method
of determining V,,, which we have previously proposed?2.

One of the first requirements for discussing the problem is to find a proper
definition of V. It is essential that ¥, has a clear physical meaning, and is not simply
a theoretical concept: accordingly, any definition of V, must, in principle, give a
recipe for the measurement of ¥, We believe that the only satisfactory way to define
Vo is as follows®:7;

“V o, the column dead-volume, is the total volume of all the components of
eluent present within the packed part of the column™.

Slight uncertainties arise in the interpretation of this definition from (i) the
extent to which partial molar volumes of components of eluent depend upon mixture
composition and adsorption, and whether such changes should be allowed for, and
(i) the extent to which different components of the eluent are sterically excluded
from the pore space of packings, particularly those containing very small pores. In
most practical situations such uncertainties will be small, and although they could
in theory be handled, it is simplest to assume (i) that there is no change in partial
molar volume on mixing or adsorption of eluent components, and (ii) that exclusion
from parts of the pore volume can be ignored. The most important feature of this
definition is that it provides for direct experimental measurement of V,,.

Ve may, for example, be determined by weighing the column when full of
eh_lent, removing the eluent from the column, reweighing the dry column and deter-
mining the density of the eluent extracted from the column (which will normally not
be thf: same as that of the eluent fed to the column due to preferential adsorption of
certain components of cluent). Alternatively, ¥, may be determined by weighing the
cg!umn when filled wfth two different pure liquids?®-2° of substantially different den-
sities, dy and dg. V,, is then given from the two column weights, w, and wg, by

1.112717.

Wa — Wy
v, =->_"8
dy — dy (1)

' These direct grocedures are not generally attractive to chromatographers since
they involve disturbing the column and removing it from the equipment. In addition.
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most chromatographers do not measure elution volumes directly but rather elution
times. Column capacity ratios are nearly always obtained from time records, not
from volume records. Thus, some kind of measurement of peak retention time is
desirable in order to be able to calculate 1, and hence V,, through the measured
volume flow-rate. Ultimately, we are interested in the ratio tx/tw = Va/V = (1 +
k'). The theory which is now developed derives values for the ratio Vr/Vm for various

types of elution peak.

While we ultimately wish to determine V,, from measurements on chroma_to-
graphic peaks, it is simplest first to consider the development of solvent concentration
fronts which arise when the composition of eluent fed to the column is suddenly
changed. When the concentration changes are small enough, these fronts fo}low the
error integral and are sharp and symmetrical. If the composition of eluent is subse-
quently changed back to the original, a second series of fronts will move down the
column with the same spacing as the original set. By making the interval between
the two changes in composition short enough, the fronts come close together a‘nd
eventually, in the limit of a pulse injection, produce Gaussian peaks (the Gaussian
being the differential of the error integral curve). Thus, the retention times of appro-
priate fronts are the same as the retention times of the corresponding peaks arising
from the injection of pulses of eluent with compositions slightly different from those
of the eluent being fed continuously to the column?3. Within this whole description
we include the possibility that the second eluent or pulse may contain trace com-
ponents which are absent from the first eluent.

These general procedures have been discussed in detail by Helferich and
Klein?* but, regrettably, in a way which the majority of chromatographers find very
difficult to understand. Solns er al.25 have carried out a computer study of the de-
velopment of solvent fronts but without giving analytical solutions. McCormick and

Karger?? have also discussed this problem, and we shall comment on their paper
later.

THEORETICAL DEVELOPMENT

We consider the passage of an eluent of two or more components, A, B, ...
through a column containing a chromatographic packing material which, in general,
will have different affinities for the different components of the eluent. Thus if an
eluent containing volume fractions x,, xp, ... of the components A, B, ... is passed
through the column until the column is fully equilibrated (i.e. eluent of the same
composition is emerging from the column), the composition of the eluent within the
packed bed taken as a whole will in general differ from x4, x, ... and can be repre-
sented by volume fractions y,, yg, ... Since both x and y are volume fractions, we
also have the relationships when x or y are summed over all components:

XA+XB+...=1

(2)
yatmw+ ... =1
Two experiments may now be envisaged. The first enables Vo to be detemined, while

the second shows how the elution volumes of solvent disturbance peaks are related
to V.
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. t A . .y
Experz:ﬂiﬁixmre of A, B and C is fed to the column and the column is equilibrated.

This mixture is suddenly teplacevd by a mixture of idenucaldcompgsgtm;*b\};t*c;;l&
taining trace quantities of isotopically labell_ed components, denoted by A%,

C*. We assume that the distribution coefficients for molecules of the labelled com-
ponents are identical to those of the unlabelled materials, that is, that there 18 no
isotope effect. The breakthrough volumes, Var, Vs, Ver et.c., o.f the labelled' eluent
fronts can be detected by a scintillation counter, as detailed in the Experimental
section below, if A*, B* and C* are radioactive. Deuterated compounds can be de-
tected with a refractometer.

A theoretical expression for the breakthrough volume of each labelled sol_ute
is obtained by considering the volume of eluent fed to the column between the time
when labelled eluent first meets the column and the appropriate front emerges from
the end of the column. Since the amount of any labelled component, X*, must be
conserved, we can state with complete certainty that: (the amount of X* fed to the
column between the time when the labelled eluent first enters the column and when
its front leaves the column) equals (the amount of X* which will be found within the
column at equilibrium), Thus, we can write for each labelled component:

VAt Xa = V,,, Yas VB‘ Xg = Vm Ve, Vc* Xe =& Vm Yc (3)
Using eqn. 2 we then obtain
Vm = VA* XA + VB" Xn + VC* Xc (4)

If, instead of making a sudden change of eluent composition to labelled eluent, we
inject a pulse of labelled eluent, then labelled peaks will be eluted with the same
elution volumes as the fronts just considered. ¥, is thus obtained by injecting small
samples of eluent with isotopically labelled solute components and determining the
elution volume for each labelled component.

The experiments detailed below show that this method of determining ¥, gives
consistent results over a wide range of eluent composition when a reversed-phase
column packing is used.

Eqn. 4 may obviously be generalised to any number of components. For
(N+1) components we have to determine (N+ 1) elution volumes of labelled com-
ponents in order to determine V,,. It is, of course, obvious that the method can be
used with a pure eluent, and this is by far the simplest way of determining V,,. The
use of an isotopically labelled eluent will thus provide a correct value of ¥, only if
the eluent is a pure substance or, at most, contains only very small proportions of
other components. Thus, V,, for a column being eluied with a fairly weak aqueous
buffer solution could be found by using 2H 20 or *H;0, provided that the peak due
to the labelled water could be adequately detected and distinguished from the dis-
turbance peaks arising say from the buffer components. This method has been
thoroughly studied by McCormick and Karger2®,

The method of determining ¥,, just developed is clearly one which involves a
substantial experimental effort, but for precise determination of &’ values there is no
real alternative to making such measurements. It may subsequently be possible to
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use a nearly unretained marker as a subsidiary standard, provided that the depen-
dence of its elution volume upon eluent composition is adequately established, say
by absolute measurements of its retention volume under a variety of conditions.

Experiment B, solvent disturbance peaks

An original mixture of (N+ 1) components A, B, C, ... with a volume com-
position X, X, Xc ... being fed to the column is replaced by a new mixture of
composition x4, x§, x& ... The compositions of mixtures within the bed, correspond-
ing to these two eluent compositions, are y, Vs, Vc ... and yi, yg, ¢ ... In general,
a sequence of N fronts will be observed to emerge from the column following the
step composition change in eluent. These N fronts clearly cannot correspond to the
(N +1) fronts observed by replacing unlabelled eluent A, B, C ... by eluent containing
traces of radiolabelled A*, B*, C* ..., described in Experiment A.

Two-component systems
For two components the situation is as shown in Fig. 1. In this case

Xg T 1 — XA, yB = 1 — Ya ete. (5)

If a volume, Vg, of new eluent has been added to the column, the changes in
the amounts of A and B within the column are given in volume units by

5VA = VR(X" - XA) = VR 5XA

(6)
5VB = VR(xﬁ - XB) = VR 5XB = - VR 5XA

As new eluent is fed to the column, a front moves along the column and in
traversing the whole column sweeps out a volume V,, of the original eluent. The
changes in amounts of A and B within the column are then expressed as

0Va = Va(ya — ya) = Vi Oya

(7
éVB = Vm())ﬁ - yB) = Vm 5}’13 = — Vm 5yA
Front
New Eluent Xa Ya A x, Original Eluent
IN — Xg Yo g xg — OUT
Composition B I

Fig. 1. Solvent disturbance front in a binary mixture of A + B arising from a sudden change in composition
of eluent fed to the column from volume fractions (x,, xg) to volume fractions (x3, xs). The corresponding
compositions within the column bed are (y4, yp) and (vi, yg). The lower part of the figure illustrates the
compositions at different points outside and inside the column.
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Combining eqns. 4 and 5 then gives

IR _ D _ OB (&)

V)V may conveniently be denoted by R, the speed of the front or pulse relative to
the speed of the eluent; it corresponds to the Rr value in planar chromatography.
We note that for a finite change in composition, R is given by the gradient of the
chord of the isotherm (which is the plot of y, against x,). For an infinitesimal change
in composition R is given by the gradient of the isotherm itself; that is

Vi dxa _ dxg

Ve dya dys @
If the first composition change is replaced almost immediately by the reverse
composition change. in other words, if a pulse of new eluent is injected into the
column, a peak will pass down the column with an elution volume, Vg, given by eqn.
9. In general, the (x,y) isotherm will be curved, and only at one particular compo-
sition will Vg/V,, = 1. The peak just described is the “solvent disturbance peak”: it
does not, in general, give a true value of ¥, and its actual elution volume will depend
upon the eluent composition.
For a two-component mixture of A and B we can therefore identify three

40 40
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|
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% v/v CHaCN % viv THF
Fig. 2. Elution volumes of deuterated cluent co
El mponent i
acetonitrile-water (left) and tetra.hydrofuran—watp (ighty mixtaron yrent disturbance ) for

er (right) mixtures. Data taken fi i
Karger?®. Crosses and broken li h e Dot ok 2nd
foargs en hine show V,, as calculated from eqn. 4. TDF = Deuterated tetrahydro-
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measurable elution volumes {(egns. 3 and 9).

Ya dya 1 - J’A}
s= Vo= Vg =Vyp—; Vpr = Ve (10)
Var =V s V= g 5 7 {1 ~ %

None of these three will necessarily be equal to V!

This sitvation is well illustrated by Fig. 2, in which we have replotted the data
of McCormick and Karger2®. They used deuterium-labelled eluent components A*
and B*, made up with the same volume composition as eluent, to determine the
retention volume of the eluent components. To determine Vg for the solvent distur-
bance peak, they injected both pure A and pure B. Although the authors appear to
have regarded the peaks so obtained as quite independent, their data show that the
peaks obtained by injecting A and B have exactly the same retention volumes to
within 0.5% over the entire composition range, confirming conclusively that only
one solvent disturbance peak is obtained with a binary eluent. The retention volumes,
Var, Vp=and Vg as seen from Fig. 2 are very different and clearly none of them, in
general, gives V,, as we have defined it. McCormick and Karger obtained V,, or
what they called the “maximum possible V,,”, by the weighing method, using meth-
anol and carbon tetrachloride, and obtained a value of 2.42 £+ 0.01 ml by this
method. Application of eqn. 4 gives values very close to this, as shown by the x-
points in Fig. 2, the mean value of V,, for the acetonitrile-water data being 2.435 ml
and for tetrahydrofuran (THF)-water being 2.37 ml. ,

An interesting feature of the plots in Fig. 2 is that ¥ can be smaller than either
Va ot Vas. While McCormick and Karger recognise that V4 and Vp*are determined
by the chord of the isotherm while Vg is determined by the gradient of the isotherm,
they do not explain this or attempt to correlate the two types of retention data.
Accordingly, they provide an incomplete analysis of their highly accurate data. A
full and self-consistent analysis of this and our own data is given in the Discussion
section.

Front 2 Front 1

v
" ol
New Eluent xf} y‘: l y{\ | Ya XA Original Eluent
X8 8 | Y8 | ¥B o
IN — " M . — OUT
el v L | %

A | —
Composition B | __,..___r——J

—V, >

V,—»

Fig. 3. Solvent disturbance fronts in a ternary mixture of A+ B+C, arising frorr}, a iudden change in
composition of eluent fed to the column from volume fractions (xa, xp, ,xC) to (x% xa, x&). The corre-
sponding compositions within the column are (a, ¥8, Y} fll:ld (ya VB, yé). Betvyc.aen. the two frc.mt.s the
composition within the column is (Va, ¥b, ¥o)- The composition of eluent in equilibrium with this inter-
mediate column composition is denoted by (xi, x. xc).
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Front 2 Front 1

v

intermediate Eluent o Original Eluent
x’ y' oy oy x ouT
N —» ; —»0U
A
Composition ! |
New Eluent . N , Intermediate Eluent
y' by iy X
IN — ! — OUT
A : T
Composition B 1 . I
3 ] :
— =P
—e

Fig. 4. Suppression of solvent disturbance fronts in a ternary mixture A + B+ C by using eluent compo-
sition (x4, xp, x¢) in equilibrium with the column composition (¥4, y&, y&), either as new eluent or as
original eluent [compositions such as (x4, Xk, Xc), are denoted by the summary notation x'].

Systems of three or more components

The situation for a three-component mixture, containing A, B and C, is more
complex. Fig. 3 shows the general situation where two fronts develop. Between the
two fronts, the composition within the column is denoted by y}, ¥, ye Such a
composition must have an eluent with which it is in equilibrium, whose composition
we denoted by x4, xj, xc. We now observe that cither front 1 or front 2 can be
suppressed by making either the initial eluent or the replacement eluent of this in-
termediate composition, as shown in Fig. 4.

Proceeding as before (see eqns. 6 and 7), we can write for the situation shown
in Fig. 2:

0Va = Va(xa — Xa)
oVy = Vr(xg — xp) (11
Ve = Va(xd — x¢)

where Vg is the volume of new eluent added to the column, and for the contents of
the column

0Va = Vaya —ya) + Vi(ya — ya)
Ve = Va(ys —ys) + Vilys — yu) (12)
Ve = Vo0& —yo) + Vilve — yo)
where V', and V), are the volumes of column bed, swept out by fronts 1 and 2. Because
of eqn. 2, we obtain

SV + 6V + 6V =0 (13)
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Accordingly, only two of the three eqns. 11 and two of eqn. 12 are independent. We
therefore quote only equations for A and B in the subsequent derivations.
It may be noted that eqn. 11 can be written

OVa = Ve (xa — xi) + Ve (xh — xa) (14)
and similarly for V5. Eqns. 11 and 12 then give

Ve(xa — xa) + Valxa — xa) = Vad — ya) + Vi¥a — ya) (15)

and similarly for component B. Reference to Fig. 4 shows that eqn. 15 can be split
into two independent sets of equations:

Ve(xa — xia) = Va(ya — »a)

(16)
Vr(xa — xa) = Vi(ya — ya)

and similarly for component B. In general, eqn. 16 can be written in the shorthand
form;

VR 5.7CA = V1 5yA (17)

and similarly for component B. Further simplification is obtained by using the rel-
ative front speed R; = ¥V;/Vy giving, in general, for either front:

(S)CA = R 5yA

(18)
(sXB =R 5)}3

Here, the dy values are the composition changes across any front within the column,
and the dx values are the composition changes between the two eluents which would
be in equilibrium with the mixtures in the column on either side of the front.

The compositions x and y are connected by the equations for the isotherm:

ya = fa(xa xp)

(19
s = fp (xa xp)
Composition changes in the two phases can then be written as
i) 0
dya = 4220 4y, + {~Xﬁ} dxg (20)
Oxa} Oxg . ,
Bcuns X 4 CONS!
or, using a shorthand notation for the differentials,
dya = faa dxa + fip dxs
@1

dyB = fl'BA dXA + f!'lB de
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Proceeding to the limit of infinitesimal changes and substituting eqn. 21 into eqn. 18
gives

dxA = R(f:gA d.xA + f:’&B de)
(22)
d)CB = R(f]’;A dxA + f]’;B de)

or

1
(f;\A e E) dxA + f:u; de =0
23)

1
fl'iA dXA + (f]’;n — E) de =0

Since dx, and dxg can be arbitrarily chosen without changing the R values of the
fronts, the determinant of the coefficients of eqn. 23 must be zero. That is

1
(fAA - ﬁ) fas

1
fga (fﬁn - E) 24)
T 1 T 1 T i
= fAA"E fBB_E — fapfaa = 0
or
(faa fop — fan fRa) R — (fan + feR) R + 1 = 0. (25)

Eqn. 25 has two roots corresponding to the fronts 1 and 2 shown in Fig. 3.

An interesting special case arises if one component, say A, is not present in
the original eluent, for example if x, = 0 and xj is very small. This corresponds to
the presence of a trace of A in the new cluent, In this case fag = (8ya/éxp) must be
zero since, if no A is present, y, must be zero and cannot change when the amount
of B in the mixture is changed. (Note: 0 In yA/0xg may well not be zero in the limit
as ya—0).

The second term in the first bracket of eqn. 25 is thus zero and the fronts occur
at

) a
R, = 1/fas = {x“} and R, = 1/fpn = {i} (26)
0ya dys

Ry applies to the front or peak caused by the injection of the new trace component
A, and R, applies to the solvent disturbance front or peak for the binary mixture B
+ C. Eqn. 26, as it relates to B, is thus seen to be equivalent to eqn. 9.
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Fig. 5. Three-dimensional representation of the retention volumes (vertical axis) of the pairs of peaks
obtained from ternary mixtures whose compositions are given by the triangular composition diagram
forming the base of the cylinder. SD-AB refers to the solvent disturbance peak for the binary mixture
A+B. trC refers to the peak given by injecting a trace of C into a mixture of A+ B. Data points shown
are detailed in Tables I and II. The diagram is to be seen as two winged surfaces, intersecting at a line
through X and diverging towards the vertical through B. Symbols: AcCN = acetonitrile; EtOH = ethanol;
CCl, = carbon tetrachloride.

It is interesting to explore in more detail the distinction between trace com-
ponent peaks and solvent disturbance peaks for the three-component mixture just
discussed, for clearly any of A, B and C can be present in trace amounts or can be
injected in trace amounts into binary mixtures of the other two.

Fig. §illustrates the various possibilities. The data points shown were obtained
for binary mixtures of acetonitrile (A) ethanol (B) and carbon tetrachloride (C). A
conventional triangular composition diagram forms the base of the figure, and the
vertical dimension is used to represent retention volume: zero retention volume cor-
responding to the level of the base of the triangular cylinder. The corners of the
triangle correspond to pure single eluent components and the edges to binary mix-
tures. Thus, the left-hand vertical shows the elution volumes of the two peaks ob-
tained when traces of A and C are injected into a column eluted with pure B. A
diagramatic representation of the chromatogram is shown to the left. The broken
line connecting the verticals through corners B and C and so running along the
left-hand face of the triangular cylinder gives the retention volumes for peaks ob-
tained by injecting traces of A into mixtures of B + C, while the full line on the same
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face gives the elution volumes for the solvent disturbance peaks in B + C. Similar
lines are shown on the other faces of the cylinder. For compositions represented by
points within the base of the cylinder, e.g. point T, corresponding to mixtures con-
taining all three components, there will be two elution volumes, corresponding to the
two solutions to eqn. 25. These are shown by the intersections T; and T, of the
vertical through T and the two surfaces which are bounded by the broken and full
lines drawn on the faces of the cylinder. It must be noted that, because of the nature
of the lines bounding the surfaces, at least two of which must intersect, the two
surfaces must themselves intersect at the intersection of these lines. This point is
denoted by X, However, since the opposite sides of the surfaces above B are well
separated, the surfaces must diverge at some distance from the point of intersection.
At X the solvent disturbance peak for A + C and the peak for a trace of B in A
+ C coincide. As we move across the face of the cylinder near X, or away from the
face a short distance towards B, it is necessary that the identities of the two peaks
remain, This means that there cannot be an immediate divergence of the two surfaces:
there must be a short distance over which they continue to touch and intersect.
However, because of their eventual separation at the vertical through B, they must
diverge at some point. At X the surfaces must intersect at a well-defined angle, yet
when they diverge, they must do so from a tangential contact. Thus, a significant
change in the geometry of the surfaces occurs quite close to the point X. A detailed
experimental examination of the situation in a particular case would be of consider-
able interest.

We may also observe that peaks due to trace components gradually lose their
identity as we move away from the faces of the cylinder. This distinction between
trace component peaks and solvent disturbance peaks is quite clear when the com-
position lies on or close to a face of the cylinder. Thus, when a mixture of A + C,
containing a small proportion of B, is used as eluent, a peak very close to the elution
volume for B in pure A + C will be obtained, when an injection is made of an A
+ C mixture containing either a little more B (normal chromatography) or a little
less B (vacancy chromatography). However, when this is done, a solvent disturbance
peak will appear, and within this peak there will be disturbance of the proportion of
B. Thus, the second peak also becomes associated with component B to a small
extent. As the proportion of B in the eluent mixture increases, the distinction between
the peak for B and the solvent disturbance peak gradually disappears, although there
is a continuity in the elution volumes of the two peaks as the proportion of B in-
creases.

The case of the three component mixture just considered may readily be ge-
neralised to (N + 1) component mixtures. If an (N + 1) component eluent is replaced
by an eluent containing the same components in slightly different proportions, N
fronts will develop whose R values will be given by solutions to the group of equations
of the form of eqn. 27

1
(f:{A - E) dxA + f:AB dXB + f:\C dxc + ... f'AN d)CN =0 (27)

Since the dx values can be arbitrarily chosen, the solutions are given by setting the
determinant of the coefficients equal to zero:
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N

where D is the determinant of the coefficients of the N equations of the form of eqn.
27 for the components A to N.

Where components A to I are trace components only present in the new eluent,
D has zero elements of the form f; above and to the right of the diagonal elements

for all trace components, that is from i= A4 to i=J. The determinant of the coefficients

thus has the form

(:\A-}{)

foa

= fia

fica

fua

Since all the elements in the top right-hand sector of the determinant are zero, the

1 ol
determinant factorises into the product of the diagonal elements (fﬁ —~—1€> with i

fis

fkn

fin

fa

from A to J and the determinant shown within broken lines in eqn. 29.

(28)

(29
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The first J solutions to eqn. 29 are thus of the form

These solutions correspond to the breakthrough fronts or peaks due to the
trace components A to J and are those normally expected from the injection of a
J-component mixture, dissolved in eluent. The remaining (N-J) solutions correspond
to the fronts or peaks which arise from disturbance of the eluent composition. There
is thus a clear distinction between the fronts or peaks arising from the trace com-
ponents, one corresponding to each such component, and the fronts or peaks arising
from the disturbance of eluent composition which cannot be identified with particular
eluent components and whose clution volumes are given by complex functions of the
differentials of the 2 (N-J) dimensional partition isotherms for the distribution of the
eluent components between the bulk eluent and the column packing. As we showed
above for the three-component system, this clear distinction is maintained so long as
the proportions of the “trace” components remain small and disappears only gradu-
ally as their proportions increase.

It now becomes clear that vacancy chromatography will produce peaks iden-
tifiable with particular components only when these components are present as traces
in a bulk solvent (which may itself be a mixture). The peaks obtained by injecting
pure bulk solvent (or solvent mixture) will thus appear at exactly the same positions
as they would have had if a mixture of the trace components had been injected into
the pure bulk solvent (or solvent mixture). However, if there are no trace components
in the mixture, vacancy chromatography, like normal chromatography, will give
peaks which cannot any longer be identified with particular components of eluent.

In current LC practice, especially when UV spectrophotometric detectors are
used, many of the composition disturbance peaks are likely to be either suppressed
or to overlap one another. Thus, very careful experimentation with a non-specific
detector would be required to isolate all such peaks when a multicomponent eluent
is used. When a UV detector is used with any reasonably complex eluent, containing
say water, one or two organic modifiers, buffering salts and ion pairing agents, the
observed peaks, are likely to form a totally undecipherable pattern. Such patterns
should therefore come as no surprise, and attempts to interpret them are likely to be
a waste of time.

EXPERIMENTAL

Equipment and methods

Columns were of the Shandon pattern (Shandon Southern Products, Runcorn,
U.K.) 250 x 5.00 mm [.D., made from internally polished stainless steel. Injection
was by syringe into the bottom of a 5 mm deep layer of glass beads just above the
inlet gauze, which retained the packing. The column was packed with 2.440 g of
5-um ODS Hypersil (Shandon).

An Orlita microdosing pump, Model DMP1515 (Orlita, Giessen, G.F.R.) was
used to supply eluent to the column. Solvent disturbance peaks were monitored by
an Optilab Multiref 902 refractometer (Optilab, Vallingby, Sweden). Elution volumes
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were measured in calibration runs by weighing eluate on an Qertling F22TD elec-
tronic balance (Oertling, Liverpool, U.K.) and allowing for the density of the eluent.
The balance was coupled to a Servoscribe double-pen potentiometric recorder (Bel-
mont Instruments, Glasgow, U.K.), which was also used to record chromatograms
when the refractometer was used as detector.

Elution peaks resulting from the injection of radiolabelled components of
eluent were counted by a Beckman LS-133 liquid scintillation counter (Beckman
RIIC, High Wycombe, U.K.). The detailed procedure was as follows. The column
outlet was connected to a short length of PTFE tubing, 1/16” in. O.D. and 0.25 mm
L.D. The eluate emerging from this tubing formed small droplets of extremely uni-
form volume. The drop volume for each eluent was found by weighing, and drop
counting was then used to measure the elution volume. In a preliminary run with
injection of any radiolabelled mixture, ten-drop samples of eluate were collected in
scintillation vials, and the approximate position of the radiolabelled elution peak was
thereby found. In a second experiment, individual drops were collected starting close
to the point at which the peak elution was expected. Drop volumes were typically
about 10 ul, while V,, was about 2.8 ml. Injections of about 10 ul were made, and
the concentrations of radiolabelled eluent components were chosen to give about
5000 cpm for the drops of highest concentration collected. From the count rates
determined for each drop a histogram was constructed, and the best fit of a Gaussian
curve was determined using a computer program written by Dr. H. P. Scott2¢,

To prepare samples for scintillation counting each one- or ten-drop sample
was collected in a 20-ml scintillation vial containing 10 ml of BDH scintillator cock-
tail in dioxane. In a typical run with water—acetonitrile (25:75, v/v), 5 ul of a mixture
of eluent, containing 0.125 uCi of *H and 0.025 uCi '4C, was injected into the col-
umn, and gave the histograms shown in Fig. 6. The drop volume in this case was
11.52 ul at a flow-rate of 1.06 ml/min, and the elution volumes of *H,O and
"*CH;3CN were 233.8 drops (2.69 ml) and 261.5 drops (3.01 ml), respectively. The
solvent disturbance peak, as measured by the refractometer, was eluted at 2.74 ml.

7000 L—
6000 ﬂh
r-‘
z 4000 h
L 14
min~! ,\CH3CN
3000 s

Count 5000

T T
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Fig. 6. Histograms of count rates for individual drops from elution of radiolabelled water (*H,0) and
acetonitrile (**CH3CN) from a 250 x 5 mm LD. column, packed with ODS Hypersil. Eluent,
acetonitrile-water (75:25, v/v). Flow-rate, 1.06 ml/min. N value is the number of plates to which column
is equivalent.
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Fig. 7. Composite histogram of count rates for individual drops from elution of radiolabelled water
(*H,0), acetonitrile (\*CH;CN) and carbon tetrachloride (*+CCly) injected sequentially. Col.umn as for
Fig. 6. Eluent: acetonitrile~water-carbon tetrachloride (71:27:2, v/v/v). Flow-rate, 0.69 ml/min.

From eqn. 4, the column void volume is V,, = 2.69 - 0.25 + 3.01 - 0.75 = 2.93 ml.
Fig. 7 shows results for a three-component cluent of water—acetonitrile—carbon tetra-
chloride (27:71:2, v/v/v). The elution volumes of the labelled peaks were respectively
2.66, 2,92 and 4.46 ml, and those of the solvent disturbance peaks were 2.46 and 4.98
ml. V,, calculated by egn. 4, was 2.89 ml, in good agreement with the value of 2.93
ml derived from the results of Fig. 6. The solvent disturbance peaks were eluted far
from V,, in both cases.

Materials

Methanol and acetonitrile were HPLC-grade solvents (Rathburn Chemicals,
Walkerburn, U.K.). Ethanol and carbon tetrachloride were BDH AnalaR-grade
(BDH, Poole, U.K.). Water was doubly distilled in quartz. When using carbon te-
trachloride, it was necessary to dry and de-gas the liquid under nitrogen, and to
exclude oxygen by sparging continuously with nitrogen. Otherwise photo-oxidation
occurred, producing phosgene and other products, which were highly corrosive to
stainless steel to such an extent indeed that the eluate emerging from the system was
yellow in colour.

Radiolabelled chemicals, *H,O, [1-*CJethanol, *CCly, [1-'*Clacetonitrile,
and [u-**Clbenzene were obtained from the Radiochemical Centre (Amersham,
U.K.).

RESULTS

The experimental results are presented in Table I for binary mixtures, and in
Table II for ternary mixtures. The values of ¥, calculated by eqn. 4 are highly con-
sistent and provide an overall mean from 36 observations of ¥, = 2.86 + 0.01 ml
(the outlying value of 2.53 ml for one ternary mixture has been omitted), Shightly
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TABLE 1
ELUTION VOLUMES OF PEAKS DUE TO ELUENT COMPONENTS OF BINARY MIXTURES

Components Volume Elution volumes (ml) Mean
composition (%)

A B A B Ve Ve Vso Va
Ethanol Water 100 — 2.92 - — 292
75 25 2.93 2.86 2.78 291
50 50 3.03 2.82 2.70 2.92
25 75 3.20 2.81 2.90 291
17 ]3 - - 2.92 —
5 95 3.96 2.83 3.36 2.89
- 100 — 291 - 291 2.91+0.01
Acetonitrile Water 100 - 2.84 - - 2.84
75 25 3.00 2.67 2.74 292
50 50 3.21 2.46 2.67 2.83
41 59 — - 2.74 -
25 75 3.48 2.59 3.03 2.81
5 95 3.91 2.77 3.52 2.83
— 100 - 2.91 - 291 2.86:£0.04
Acetonitrile Carbon tetra- 100 — 2.84 - - 2.84
chloride 75 25 2.70 3.25 3.04 2.84
60 40 — - 2.89 -
50 50 2.57 2.99 2.76 2.78
28 75 2.55 2.85 2.59 278
- 100 — 2.79 — 2.79 2.814+0.03
Carbon tetra-  Ethanol - 100 — 292 — 2,92
chloride 25 75 3.04 2.83 — 2.88
50 50 3.04 2.77 - 2.90
75 25 2.82 2.63 - 2.77
100 - 2.79 - - 2.79 2.85+£0.03
Acetonitrile Ethanol — 100 - 2.92 — 2.92
25 75 2.73 2.81 - 2.79
50 50 278 2.78 - 2.84
75 25 2.76 2.89 - 2.79
100 — 2.84 - — 2.84 2.82+0.02
Benzene Ethanol - 100 - 2.92 — 292
25 75 3.01 2.79 - 2.84
50 50 2.94 2.7 — 2.82
75 25 2.87 2.70 - 2.83
100 - 3.05 - - 3.05 2.88+0.03

different mean values are obtained from different binary pairs, ranging from 2.91
+ 0.01 for ethanol-water mixtures to 2.81 % 0.03 for acetonitrile—carbon tetra-
chloride mixtures, with the ternary mixtures (acetonitrile-carbon tetrachloride—
water) giving a mean of 2.86 + 0.03.

The values of V4 and Vy»allow an isotherm to be constructed for each binary
pair, using eqn. 3 and the value of V,, for any pair. Such isotherms are shown in Fig.
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TABLE 11
ELUTION VOLUMES QF PEAKS DUE TO ELUENT COMPONENTS OF TERNARY MIXTURES

Volume compositon (%) Elution volumes (mi)

Aceto- Carbon Water Vg Vs Vs

nitrile tetrachioride  (C) ‘ i ¢ Voo Vsoz Vn

(4} (B)
71 2 27 292 446 2.66 2.46 4.98 2.88
74 3 23 ~ ~ ~ 2.41 4,57 -
78 7 15 - ~ ~ 2.61 3.94 -
82 § 10 2.78 344 2.80 2718 3.63 2.83
83 10 7 - - - 2.90 3.6l -~
87 8 5 2.83 342 3.16 2.84 3.40 2.89
82 13 5 2.18 333 3.10 2.84 339 2.87
85 13 2 - - - 2.90 3.26 -~
68 30 2 - - - 314 314 -~
58 40 2 2.40 2.77 1.61 2.88 2.88 {2.53)

Mean (excluding the value in parentheses) 2.86 + 0.03
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1 Fig. 8. Partition isotherms for binary mixtures on ODS Hypersil. Points and broken lines derived from

! retention volumes of radiolabelled components (see Tables T and If and eqn. 3). Heavy, short lines indicate

Sgradients, calculated from retention volumes of solvent disturbance peaks (see Tables T and 11, and eqn.
9).
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Fig. 9. Partition isotherms for binary mixtures on octyl-bonded Hypersil. Points and gradients as for Fig.
8. Data taken from McCormick and Karger?°.

8 as plots of (y—x) against x. According to eqn. 9, the gradient of the isotherm should
provide the ratio Vg/V, for the solvent disturbance peak. These gradients are also
shown in Fig. 8 which shows that excellent agreement is found between the gradients
of the smooth curves through the data calculated from measurement of V5 and Vi
and those obtained Vy. Fig. 9 shows isotherms calculated from the data of McCor-
mick and Karger2® for acetonitrile-water and labelled THF-water. The column
packing was Hypersil which had been Cs-bonded and capped in their laboratories.
This material is probably very similar to the commercial MOS Hypersil. Once again,
the gradients of isotherms obtained from the solvent disturbance peaks are in excel-
lent agreement with the gradients of the smooth lines through the curves from the
labelled data. It may further be noted that McCormick and Karger's dataZ® for the
acetonitrile-water system are almost identical to ours for ODS Hypersil, despite some
difference in bonding chemistry. The composition of maximum adsorption of ace-
tonitrile are the same, only the maximum percent adsorbed is slightly higher for the
ODS material.

Comparison of the data of Fig. 8 for different binary mixtures shows the max-
imum excess for the different systems given in Table III.
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MAXIMUM EXCESS FOR DIFFERENT BINARY MIXTURES

System Maximum excess Compo.?ition Reference
...... Y4 — Xa gt maximum
A B fvol. %) excess X4
Acetonitrile Waier 6.0 0.40 20 .
6.8 0.45 This paper

Water 6.5 0.35 20 .
E?hla:nnl Water 26 0.20 Th!s paper
Carbon tetrachloride Acctonitrile 7.0 0.38 Th!s paper
Carbon tetrachloride Ethanol 2.3 0.50 Thfs paper
Ethanol Acetonitrile 1.2 0.40 11115 paper
Benzene Ethanol 2.0 0.45 This paper

The pattern of preferential adsorption is in general agreement with a polarity
index, such as the g, values of Snyder?” or the Hildebrand solubility parameters®?,
but the detailed effects are not self-consistent. Thus, acetonitrile is strongly adsorbed
from water and carbon tetrachloride strongly adsorbed from acetonitrile. Ethanol is

more weakly adsorbed from water than acetonitrile (as expected), yet both carbon
tetrachloride and benzene are only weakly adsorbed from ethanol. Contrary to ex-

3 3 1 nitrila A denrntinn hy racido
pectation, ethanol is preferentially adsorbed from acetonitrile. Adsorption by resid

ual silanol groups is the most probable explanation of these inconsistencies, but more
experlmental work is clearly requlred

In Fig. 5 the binary elution data for pairs of the three components acetonitrile,
cthanol and water are shown. No experiments were carried out with ternary mixtures.
It would undoubtedly be of interest to extend our results by obtaining detailed in-
formation on retention of traces of a third component in each binary pair and on
the positions of the solvent disturbance peaks for a ternary mixture generally.

The most important conclusion to be drawn from our results, shown in Tables
T'and IT and Figs. 7 and 8, is undoubtedly that the basic theory developed in the first
part of this paper is fully confirmed by independent experiments, carried out by
ourselves (this paper) and by McCormick and Karger2®. Both groups have shown
that with a binary eluent A + B, a single solvent disturbance peak is produced when
trace amounts of A or B of a mixture of A and B, are injected into the column: the
Vg value is the same, whichever sample is injected, if the disturbance of the eluent
concentration is kept small. When isotopically labelled samples of A* and B* are

injected, two peaks are obtained, one for A* and one for B*. The three retention
times are connected through the distributio

i
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and the column bed.
Additionally, our results provide a clear, unequivocal method for determining

the column daad_-valimes Aafinad ac ral

the column dead-volume, defined as “‘the total volume of all eluent components
within the column bed”.

We will now comment speaﬁcally on the various other methods proposed and
often used for determination of V,, and which were referred to in the Introduction.

(1) Our work shows clearly that the elution volume of the solvent disturbance
peak Vsp does not provide a correct value of V,, , except by chance. However, if the

eluent components are more or less equally sorbed by the packing, Vg, may not be

v me ntzran L,. -~ .
nérm ior A aud B UCtWCC Ltic clucut
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seriously in error. Unfortunately, ¥sp may be outside the range of ¥y for labelled

eluent components, if the gradient of the isotherm 1s steep.

(2) The work of Knox et al.22 showed clearly that enthalpic exclusion of small
molecules could occur, and the present work confirms that Vi for some labelled
components of eluent (and hence of solutes similar to eluent components) are eluted
before V,,. The identification of ¥, with Vg of the unionised solute giving the lowest
retention can be subject to substantial error.

(3) The present work shows that with mixed eluents it is necessary to determine
Vg for labelled samples of all eluent components, not just a single eluent component.

3 t rancicte af a hiogh valime fractinn of ans camnanent 7 far
HG‘v‘v’ever, if the elueﬂt CONSISES 01 & nign vo:ume iracuion 61 6N COmMpOncnt, »g 101

a labelled sample of that component will be very close to V,, (see Fig. 2).

(4) Knox et al.??, amongst others, have shown that the use of salts is to be
avoided. With ODS-bonded silicas, which bear a fixed negative charge, anions are
excluded, whereas cations can be strongly retained. The degree of exclusion or re-
tention depends upon the ionic strength of the solution. In practice it is, of course,
the elution volume of a particular ion which is measured, not that of the salt as a
whole.

(5) We have advocated that ¥, be taken as the volume of all eluent components
within the column without any allowance for preferential adsorption of one or more
of the components. The calculation of the volume of adsorbed components is very
arbitrary, since one is in essence assuming that the “adsorbed phase” can be clearly
distinguished from eluent, even in the pores of a material such as silica gel. That s,
it is a phase with a uniform composition, different from the phase it contacts, which
is assumed to be pure eluent. In fact, there can never be a clear distinction bhetween
phases on the distance scale of a typical pore diameter (100-500 A). As one moves
from the silica surface through the bonded layer (maybe 10-20 A thick) towards the
centre of any pore, the average composition of eluent components will gradually and

o 00000
Bulk Eluent 00 e® 00, ®65% |O
e Co®y

35%j

[ )
®
{/ AR

Bonded Phase

|
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Fig. 10. Illustration of the partitioning of molecules of a binary eluent (O and @) between the extra
particle space (bulk eluent) and the pores of a bonded packing material, where O-molecules are prefer-
entially adsorbed by the bonded layer. It is to be noted that there is a continuous variation in composition
with no clear phase boundary as one moves from the surface of the support towards the centre of a pore,
whose diameter is of the order of 200 A.
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continuously change, as suggested by Fig. 10, and even in the centre of a pore the
composition may well differ from that of bulk eluent outside the particles of packing.
The assumption that the bulk eluent composition is maintained right up to the bond-
ed layer and then changes suddenly to that of an adsorbed layer cannot, in our view,
be sustained. The only situation where we can reasonably distinguish between two
phases is where we are dealing with liquid—liquid partition chromatography and
where the pores of the particles are fully filled with a mixture of eluent components
whose composition differs substantially from that outside the particles. The particle
surface then coincides with a phase boundary between two liquid phases: ¥, becomes
the volume outside the particles, and V, becomes the pore volume. We believe that
all intermediate situations should be dealt with by taking V,, equal to the total volume
of eluent components within the column.

(6) The use of linearisation formulae for the free energy of retention of ho-
mologues to determine V,, is undesirable for many reasons. First of all, it assumes
that In(Vr,— V) is, in fact, a linear function of # (the number of carbon atoms in
successive homologues). This assumption is equivalent to assuming that the incre-
ment in the free energy of partition per CH, group is constant, irrespective of #. It
implies that there is no effect of the rest of the molecule in protecting this group from
solvation as » increases, in other words, that the alkyl chains of the homologues are
fully extended in both the eluent and sorbed states. Such an assumption cannot be
universally true, especially when dealing with adsorbent surfaces and thin, bonded
layers. Colin et al.2? have, for example, shown that plots of In(¥Vx,— V) show gra-
dient changes at specific values of #. Linearisation in such a case is impossible.

A second criticism of this method is that, as admitted by Kaiser and Oelrich??,
extremely precise measurements of Vg, are required to obtain reasonable precision
in V,. Such measurements are very time-consuming.

A third objection to the method is that it does not necessarily give V,, in any
case. At least it is not clear that it gives the volume of eluent components in the
column or the retention volume of an unretained, unexcluded solute. It provides a
certain theoretical value for a volume which is likely to be somewhat similar to ¥,,.
The value provided by the technique does not appear to have any fundamental or
universal validity.

CONCLUSIONS

(1) We re-emphasise the distinction between the kinetic dead-volume, V,
(which is the volume of the interparticle void), and the thermodynamic dead-volume,
V,. (which includes the additional volume of eluent components within the porous
particles of packing).

(2) We recommend that the following definition of the thermodynamic dead-
volume be adopted: “The thermodynamic dead-volume, V,, is the total volume of
all eluent components within the column bed”.

(3) We advocate that the primary method for determining V,, should be to
measure the retention volumes, Vz, of isotopically labelled samples of all eluent com-
ponents and calculate ¥, from eqn. 4. We have established that, over a wide range
of composition and with a range of eluent components, eqn. 4 gives essentially iden-
tical values of V.
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(4) In practice, it will be simplest to determine ¥, by flushing the column with
a one-component eluent and determining the single ¥z of an isotopically labelled
sample.

(5) Since the determination of V,, by the isotope labelling method can be
time-consuming and can require the use of a different-from-normal detector, a sub-
sidiary standard is desirable. The subsidiary standard could be a solvent disturbance
peak, but we then advocate that the absolute retention volume of this peak be mea-
sured directly as a volume for each eluent composition and related to the true Vn
value in a special experiment.
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