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The experimental technique of mass spectrometric tracer pulse chromatography was used to determine
the void volume, i.e., the total volume of eluent in the column, and the volume of eluent moving freely
through the column, i.e., mobile phase volume, for a series of eluents with a Cyg-bonded RPLC column. The
interstitial volume of the column was determined by size exclusion chromatography. In order to evaluate
the utility of the accessible volumes determined from the retention volumes of homologous solutes, the
accessible volume of the column was determined as a function of eluent composition and temperature
with polystyrene and polyethylene glycol samples using Martin’s Rule. Comparison of these four mea-
sured volumes indicated that the experimentally measured accessible volumes did not correspond to
either the void volumes, mobile phase volumes or interstitial volumes.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The void volume, V9, of liquid chromatographic columns is usu-
ally defined as the total volume of eluent in a column [1]. Although
this definition of void volume is neither theoretically nor thermo-
dynamically meaningful, such a void volume definition does allow
the determination of an experimentally accessible quantity. The
measured void volume is often combined with the interstitial vol-
ume of a column determined by size exclusion chromatography to
estimate the pore volume of chromatographic packings. The change
in pore volume with temperature, eluent composition, or sample
type can then be used to investigate retention mechanisms and
pore-filling phenomena [2]. This approach, however, is only valid
if all eluent components reside either in the pore volume or the
interstitial volume, not within or on the stationary phase.

The most commonly reported retention parameter for LC sys-
tems is the retention factor, k;. The retention factor is defined as the
ratio of the number of moles of componentiin the stationary phase,
nf, to the number of moles in the mobile phase, n}“". This parameter
is determined experimentally from the retention volume of com-
ponent i, Vg ;, and the volume of the mobile (freely flowing) phase,
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Defined thusly, the quantities k; and V™ are both thermody-
namically sound. However, because accurate determination of the
volume of mobile phase in an LC column is difficult, the total vol-
ume of eluent, V2, or the accessible volume, V§, is often substituted
for the volume of mobile phase, VM, in the calculation of the reten-
tion factor. The validity of such a substitution is determined by the
soundness of the assumption that none of the eluent is held fixed
either in or on the stationary phase.

The calculated retention factor can be used in a variety of
ways. This is a dimensionless parameter that is employed primar-
ily for method development and for comparison of LC columns.
If it is assumed that the phase ratio is constant, the temperature
dependence of the retention factor can be used to determine ther-
modynamic parameters, such as enthalpy and entropy change, for
the transfer of a solute between the stationary and mobile phases in
a chromatographic column [3-5]. The thermodynamic information
is often subsequently used for the elucidation of chromatographic
retention mechanisms. Likewise, the composition dependence of
the retention factor can lead to the determination of equilib-
rium isotherms for solutes in or on the stationary phase [6-8].
The main objective of such studies is usually the investigation of
retention mechanisms along with the prediction of elution pro-
files of solutes as a function of the concentration of solute and the
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composition of the eluent. Furthermore, retention factor data are
often used to determine the selectivity of various columns and the
optimization of chromatographic methods and columns. Thus, the
accurate measurement of the retention factors for RP-HPLC sys-
tems is indispensable for the development of new separations and
the optimization of existing applications.

Given the inherent significance of the exactitude of column void
volume data [9,10] in the accurate determination of retention fac-
tor data, it is somewhat surprising that there is currently no widely
accepted experimental method for the determination of this vital
quantity. Myriad experimental methods have been suggested for
the measurement of void volumes in liquid chromatographic sys-
tems and a wide variety of reviews have appeared in the literature
on this subject [11-17].In 2002, Rimmer et al. [ 18] reviewed exist-
ing methods which included pycnometry, the minor disturbance
and tracer pulse methods, unretained markers and homologous
series of solutes.

Pycnometry is an accurate experimental method for the
determination of void volumes; however, it requires off-line
manipulation of the column. As a result, this is not a very popu-
lar method for the determination of void volumes. Moreover, void
volumes determined by pycnometry appear to represent a lower
limit since chromatographically measured void volumes are usu-
ally higher than the pycnometric values.

Void volumes can be accurately determined from minor dis-
turbance techniques by measuring the retention volumes of
concentration pulses over the full eluent composition range. The
void volume can then be determined by integration [16,19]:

1
v°=/ Vrd 6M (2)
0

where Vg is the retention volume of the concentration pulse at a
fixed eluent composition GIM. This particular method yields only a
single, integrated value of the void volume.

Another experimental method involves the use of isotopically
labeled components of the eluent. This method, commonly referred
to as tracer pulse chromatography, provides a value of the void
volume at any eluent composition from the following relation
[1,20,21]

i
Vo= vy oM 3)

where VE, ; Is the retention volume of a detectable isotope of eluent
component i. This experimental technique was recently evaluated
by Fornstedt [22,23].

These three techniques viz., pycnometry, tracer pulse and minor
disturbance methods, produce comparable data representing the
total volume of eluent in a column without regard to the distribu-
tion of eluent between the stationary and mobile phases or between
the interstitial and pore volumes.

Several additional methods have been proposed for the estima-
tion of column void volumes. Unretained markers represent the
most popular method for the determination of column void volume.
Unfortunately, no solute has yet been identified that is unretained
at all eluent compositions. The retention volume of a injection sol-
vent peak is frequently used as a measure of the void volume. A
similar method involves the use of a very strong eluent such as
pure acetonitrile to prevent retention of any solute. In this case,
the retention volume of any unexcluded solute would yield a mea-
sure of the void volume; whereas, the retention of any completely
excluded solute will equal the interstitial volume. The major prob-
lem with the last three techniques is the difficulty of ensuring that
the probe solutes or eluent components are truly unretained by
the bonded stationary phase. The use of the retention time of an

injection solvent is particularly questionable in view of the many
investigations indicating that most common reversed phase lig-
uid chromatography eluents are sorbed by RPLC bonded packings
[1,14,24-30].

2. Theory

Recently, polymer chemists have used the retention of
oligomers with Martin’s rule to determine a characteristic vol-
ume of chromatographic columns. This volume is often used as a
void volume for subsequent determination of retention factors. This
ideais based on the observed logarithmic relationship between the
retention volume of oligomers and the number of repeat units, n,
within a homologous series. This relation is known as Martin’s Rule
[31]:

Vin — VM
In (R”VM) =A+Bn (4)

where A and B are adjustable parameters. In early work, the reten-
tion factors for each oligomer were calculated from the retention
volumes and an estimated value of the mobile phase volume. The
“best” linear fit was obtained by adjusting the mobile phase vol-
ume to give the maximum value of the correlation coefficient for
the regression.

In 1980, Berendsen et al. [11] developed a method to determine
the mobile phase volume by considering the retention volumes of
a homologous series of alcohols. The mobile phase volume can be
obtained from the slope and intercept of a plot of the retention
volume of consecutive homologues (V;+1 vs. V;;) using the following
relationship

Vipr =1~ e )M 1 By, (5)

where eP represents the separation factor, o, between two neigh-
boring homologues assuming the separation factor is constant
and independent of the number of repeat units. Berendsen’s
experimental results indicated that the volumes measured from
pycnometry, tracer pulse chromatography, and a homologous
series were equivalent in pure water. However, the volume mea-
sured from Eq. (5) varied with eluent composition. The change in
mobile phase volume was attributed to the solvation of the bonded
phase by the eluent. In pure methanol, only the volumes deter-
mined from pycnometry and tracer pulse chromatography agreed.
The principle disadvantage of this method is the uncertainty in the
calculations of the volume due to its indirect determination from
both the slope and intercept. It is not necessary to know the value
of n, but the homologues must differ consistently by one unit.

More recently, Trathnigg and Skvortsov [32] developed a slightly
different data analysis scheme for the determination of a vol-
ume they designated as the accessible volume, V{. In this method,
a volume was determined that produced a linear relationship
between the retention volumes of consecutive homologues and
the difference in the elution volumes of neighboring homologues,
AVy =V — V. From the following equation, it was shown the
intercept will give a value for the accessible volume, V*, by extrap-
olation to AV, =0.

* eB
Vier = Vg + {631} AV, (6)

One advantage of this method is the fact that the accessi-
ble volume can be obtained directly from the intercept only.
Often, however, this technique may involve extensive extrapola-
tion which, in turn, lowers the accuracy of the measured volume.
The volume, V{, represents an adjustable parameter used to pro-
duce a linear relation between In{Vg ; — V;} and Ink and the degree
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of polymerization of the polymeric solutes. The physical meaning
of Vi is uncertain.

Several investigators have measured VM (Eq. (5)) or Vg (Eq. (6))
as a function of temperature or eluent composition. The experimen-
tal results are somewhat contradictory. Berendsen et al. [11] found
that the volumes calculated from the application of Martin’s rule
decreased as the proportion of methanol in methanol/water eluents
increased. Trathnigg et al. [2] found that the calculated volumes
increased as the percentage of THF in THF/water eluents increased.
The same group [32] found that the calculated volume only varied
slightly with eluent composition for aqueous acetone or methanol
eluents. Kim et al. [5] measured V; from polystyrene samples in a
RPLC system with THF/methanol eluents and found that the mea-
sured volume decreased significantly as the percentage of THF in
the eluents increased. In the same study, it was determined that
V decreased slightly with increasing temperature. Similar results
were obtained by Mdéckel [33] in an earlier investigation. However,
direct comparison of these diverse experiments is dubious because
different columns, eluents and samples were used by the various
investigators.

Some general conclusions can, however, be derived from the
literature. In most cases, (1) there does exist a volume that will
produce a linear plot of Ink vs. n (Martin’s rule), (2) this volume
changes only slightly with temperature, (3) it varies significantly
with the type and composition of eluent and (4) the calculated vol-
ume is usually less than the void volume measured by some of
the other experimental procedures discussed previously. This last
point is also questionable because results have also been reported
[34] where V§ > V0 and even instances where Vi <0 [35]. The
relation between the accessible volume and the interstitial vol-
ume measured from size exclusion chromatography with excluded
solutes is also uncertain. However, in the few reported compar-
isons, the measured accessible volume was always greater than
the interstitial volume [2,34]. Thus, a fifth general conclusion could
be posited, viz., the exact physical significance of the accessible
volume calculated for the retention of polymeric oligomers has
not yet been established. It is possible that the accessible vol-
ume does not accurately or consistently provides a measure of
either void volume, interstitial volume or the volume of mobile
phase.

The objective of the present investigation was to clarify
the uncertainties in the meaning of measured accessible vol-
umes determined from the retention of polymeric solutes. The
experimental approach was to compare the accessible volumes
measured with different polymers and various eluents with void
volumes determined by tracer pulse chromatography, intersti-
tial volumes determined by size exclusion chromatography and
mobile phase volumes determined from excess sorption data. A
secondary goal was to determine the validity of retention factor
data obtained by substituting the accessible volume for the mobile
phase volume.

3. Experimental
3.1. Chemicals

The HPLC grade eluents methanol, acetonitrile, water and
optima grade tetrahydrofuran were purchased from Fisher Sci-
entific. Polyethylene glycol 300, 400, and 600 were obtained
from Sigma-Aldrich. Polystyrene samples with masses of 820
and 100,000 were purchased from Aldrich and Fluka, respec-
tively. Isotopic samples of methanol (methanol-ds, 99.8 atom %
D), acetonitrile (acetonitrile-d3, 99.8 atom % D), tetrahydrofuran
(tetrahydrofuran-dg, 99.8 atom % D), and water (water-d,, 99.8
atom % D) were obtained from Aldrich.

3.2. Column

The HPLC column used in this work was an Agilent ZOR-
BAX Eclipse Plus C18 column. The column dimensions were
4.6 mm x 250 mm. The ZORBAX Rx-SIL support has a nominal sur-
face area of 160 m?/g and a controlled pore size of 95 A. The particle
size was 5 wm. The column was thermostated in a water jacket.

3.3. Instrumentation

3.3.1. HPLC

The liquid chromatography system was a Hewlett-Packard
1050. This instrument included a single pump with a pro-
portioning valve, an autosampler with a 25 pL sample loop, a
multi-wavelength UV-Visible detector, and ChemStation software.

33.2. MS

The mass spectrometer was the detector in an Agilent 6120
Single Quad LC/MS instrument. This system included a multi-
mode ionization source and a single quadrupole mass analyzer.
The ionization source was capable of either atmospheric pressure
electro-spray ionization (APESI) or atmospheric pressure chemical
ionization (APCI).

3.4. Experimental procedures

The flow rate for all experiments was 0.5 mL/min, and the sam-
ple size was 5 L. Mass spectrometric tracer pulse experiments
were used to determine the void volume and excess isotherms
in all eluent systems [24]. The volume of the mobile phase in
the column was estimated from the measured excess volume of
the eluent components. The interstitial volume of the column was
determined by size exclusion chromatography with high molecu-
lar weight polystyrene samples with pure tetrahydrofuran as the
eluent. The extra column volume was measured from the retention
time of any solute without the column in the system. All retention
data reported in this work were corrected for this contribution.
The sample solvents used in this study were always the chromato-
graphic eluent. The eluents were used as the injection solvent in
order to avoid the potential influence of the injection solvent on
the retention of the oligomeric analytes.

Accessible volumes were determined with samples of polyethy-
lene glycol and polystyrene. Polyethylene glycol 300, 400, and 600
were detected with the mass spectrometer in binary aqueous elu-
ents of methanol and acetonitrile because the samples did not
absorb in the UV-Vis range. Polystyrene was detected with the
UV-Vis detector in a tetrahydrofuran/methanol eluent because the
non-polar polystyrene sample could not be ionized in either the
APCI or APESI sources.

The excess volume of eluent taken up by the bonded packing was
determined from tracer pulse experimental data using the relation
[24,36]:

VS =MV, - V) (7)

where V,.XS represents the total volume of componentiin the system
in excess of the volume of component i that would be in the same
system (V9) with a totally inert adsorbent [36,37]. This definition
corresponds to the \VNA convention proposed by Riedo and Kovats
[37]. The mobile phase volume, VM, is related to the excess volume
by the relation

VI = Vs — (V0 - yM)pM (8)

where V? represents the volume of eluent component i held static
by the bonded stationary phase. Excess isotherms usually display a
non-stationary inflection point in the range 0.4 < 9}"1 < 0.8. In this
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Fig. 1. Excess volume isotherm for methanol on reversed-phase liquid chromatog-
raphy bonded packing at 30°C. The linear regression results were: slope=V° — VM,
intercept = 0.090 = V7.

range, the value of VM can be determined from linear regression of
the excess isotherm [36,38].

4. Results and discussion
4.1. Polyethylene glycols (PEGs) with methanol/water eluents

The results of the tracer pulse and polymer experiments with
all eluents are given in Table S-1. Fig. 1 illustrates the excess sorp-
tion isotherm for methanol in or on the C;g-bonded phase. The
value of Vs=(V0 — VM), the volume of eluent in the bonded sta-
tionary phase, determined from the linear portion of the excess
isotherm was 99 pL in the range 0.4 < 91M < 0.8. For water-rich
eluents (0}"' < 0.4), it was assumed that water was unretained by
the hydrophobic bonded phase [26] and the mobile phase volume
was thus equal to the retention volume of deuterated water, i.e.,

VM = Vi H,0" The interstitial volume of the column was determined
to be 1.64 mL.

For the determination of accessible volumes from oligomeric
solutes, a mass spectrometer operated in the selected ion monitor
mode was used as the detector. One of the advantages of this detec-
tion system was it’s ability to “resolve” oligomer peaks that were
not actually resolved in the chromatographic column.

Fig. 2 illustrates the relation between the various volumes mea-
sured for this system. The void volume was relatively constant over
the full composition range. The mobile phase volume diminished
slightly as the amount of methanol taken up by the stationary phase
increased.

The accessible volume was calculated from three PEG samples
with different nominal molecular weights (300,400 and 600). Over-
lapping oligomer sets were used to assess the reproducibility of the
retention volumes of the same oligomer in different samples as well
as to extend the range of oligomer numbers available. The acces-
sible volumes were determined from both Egs. (5) and (6). Only
data for which the results of the two data analysis schemes agreed
within 5% were included in the analysis. Over the composition
range 0.1 < ‘91M < 0.6, the accessible volumes were less than either
the void or mobile phase volumes but greater than the interstitial
volume. Eluents rich in methanol produced no separation, and all of
the oligomers eluted within the void volume. The measured acces-
sible volumes varied (1.7-2.0 mL) with eluent composition butin a
rather unsystematic manner.

3.0
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Fig. 2. Comparison of calculated volumes with methanol/water eluents. (B) Void
volume from Eq. (3). (O) Accessible volume from Egs. (5) and (6) using PEG
oligomers. (a) Volume of the mobile phase from Eq. (8). “—" interstitial volume.

4.2. Polyethylene glycols with acetonitrile/water eluents

Methanol/water was not a satisfactory eluent system for the
elution of PEG oligomers from the C;g-bonded phase system. Thus,
the eluent was changed to ACN/water. Excess isotherm data for
this eluent are also given in the supplemental material. The total
volume of acetonitrile taken up by the stationary phase within the
compositionrange 0.4 < 9}"[ < 0.8 was determined from the excess
isotherm to be 440 pL. Thus, about 4 times as much acetonitrile
as methanol was taken up by the bonded phase in that compo-
sition range. This ratio is in excellent agreement with previous
investigations involving both tracer pulse [24,25] and concentra-
tion pulse chromatography [27,39,40]. This significant uptake of
acetonitrile by the bonded stationary phase resulted in a decreased
mobile phase volume with the amount of acetonitrile in the elu-
ent as shown in Fig. 3. The calculated accessible volumes agreed
roughly with those measured for the methanol/water system at
6. < 0.3. Thus, the observed decrease in VM did not appear to
influence the calculated value of V. As the concentration of ace-
tonitrile was increased the system collapsed the accessible volume
approached the value of the void volume, so all of the solutes even-
tually eluted at the void volume. However, the calculated accessible
volumes did not consistently agree with either the measured void,
interstitial or mobile phase volumes.

Several investigators have found an inverse temperature depen-
dence of the retention volumes of PEGs with acetonitrile [4,41,42].
The effect of this abnormal temperature dependence on the calcu-
lated accessible volumes with a fixed eluent composition of 30%
ACN is shown in Fig. 4 as a plot of V4 vs. AV, (Eq. (6)). The
inverse temperature dependence is obvious from this graph. The
inset shows that the calculated V; (intercept) increased slightly as
the temperature increased. The variation of Vj as a function of tem-
perature is illustrated in Fig. 5 along with the experimental data of
Kim et al. [5] for a system of polystyrene with 10% THF in methanol
normalized to a column length of 250 mm rather than the 150 mm
column used in the original publication. Although comparison of
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Fig. 3. Comparison of calculated volumes with acetonitrile/water eluents. (B) Void
volume from Eq. (3). (O) Accessible volume from Egs. (5) and (6) using PEG

oligomers. (a) Volume of the mobile phase from Eq. (8).“—" interstitial volume.
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Fig.4. Plot of V41 vs. AV, for PEG oligomers as a function of temperature. () 30°C,
(m)40°C,(A)50°Cand (¢)60°C.

these diverse systems is problematic, it is clear that the temperature
dependence of V is not significant for these systems.

4.3. Polystyrenes with tetrahydrofuran/methanol eluents

Polystyrene oligomers were not soluble in aqueous eluents, so
the eluent system was changed to THF/MeOH. The measured excess
isotherms indicated that THF was preferentially taken up by the
bonded phase; however, the total volume of eluent in that phase,
V5, was only 97 pL, i.e., about the same as the amount of methanol
taken up from aqueous eluents. Thus, the volume of the mobile
phase was approximately equal to the void volume as shown in
Fig. 6. The calculated accessible volumes, however, displayed a
significant decrease with increasing concentration of THF in the
eluent. Surprisingly, when the system collapsed, i.e., lost resolu-
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Fig. 5. Temperature dependence of void volumes and accessible volumes. (B) Void
volume from Eq. (3). (O) Accessible volume from Eqs. (5) and (6) using PEG
oligomers with acetonitrile/water eluents. (¢) Accessible volume from Ref. [23]
using polystyrene oligomers with tetrahydrofuran/methanol eluents.
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Fig. 6. Comparison of calculated volumes with tetrahydrofuran/methanol eluents.
(m) Void volume from Eq. (3). (O) Accessible volume from Egs. (5) and (6) using
polystyrene oligomers. (¢) Accessible volume from Ref. [23]. (o) Volume of the
mobile phase from Eq. (8). “—" interstitial volume

tion, the retention volume of the oligomers was much greater than
the measured void volume. That is, the oligomers were retained but
not resolved. The decrease in V{ with increasing concentration of
THF has been observed previously by Kim et al. [5].
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5. Conclusions

The accessible volume calculated from the retention volumes of
polyethylene glycol and polystyrene oligomers did not consistently
agree with the void volume of RPLC columns measured by other
techniques. Moreover, the calculated accessible volumes appear
intermediate between the interstitial volume and the volume of
the mobile phase. The derived volumes do not vary significantly
with temperature; however, they do appear to vary with the type
and composition of eluents although the variations do not show
any consistent pattern.

The physical meaning of the accessible volume has been called
into question by other authors [2,3,5]. Hence, the common prac-
tice of substituting the accessible volume, V7, or the total volume
of eluent in the column, V9, for the volume of mobile (freely flow-
ing) phase in the column, VM, is open to question. This uncertainty
is especially important if the volumes are used for the calculation
of retention factors with subsequent derivation of thermodynamic
parameters. The error caused by inaccurate estimates of the mobile
phase volume for the calculation of k may be tolerable for large k
values (k >20) or for systems in which the eluent does not inter-
act with the stationary phase. However, unless these restrictions
are fulfilled for a given system, caution should be exercised in the
calculation of retention factors based on the substitution of the
void volume, V0, or the accessible volume, V;;, for the mobile phase
volume, VM,

The question then remains of whether or not the polymeric sys-
tems used for the calculation of the accessible volume conform to
Martin’s rule, i.e., Eq. (4). This in turn raises the question of whether
or not a volume exists that produces a linear plot of Ink vs. n. To
investigate these points, plots of Ink vs. n were produced from a
typical data set obtained for PEG-600 with a 25% ACN/water elu-
ent where the retention factors were calculated with the accessible
volume, void volume and mobile phase volumes were used in Eq.
(4). The results are shown in Fig. 7. The only volume that produced

a linear relation between In k vs. n was the accessible volume. The
plots observed for the void volume and the volume of mobile phase
were nonlinear.

6. Glossary of volume expressions and symbols

Expression Symbol Definition
Retention volume VRi The volume of eluent required to elute
any analyte, i, from a column.
Vrn The retention volume of a member of a
homologous series with carbon
number n
Vi, The retention volume of a detectable
tracer pulse analyte
VR The retention volume of a detectable
concentration pulse
Void volume Vo The total volume of eluent in a column.
The void volume represents the
interstitial volume plus the pore
volume
Mobile phase volume % The volume of eluent that moves freely

through the column

The volume of eluent in the
interparticle regions of the column
Volume of eluent contained within the
pores of the solid support.

The volume of the bonded phase plus
any eluent taken up by the bonded
phase

The pore volume

Interstitial volume
Pore volume

Stationary phase
volume (HPLC)

Stationary phase

volume (SEC)

Accessible volume Vi The volume of eluent that produces a
linear relation between Ink and the
carbon number for a series of
homologous analytes (Eq. (4)).

Volume increment AV, The difference in retention volumes of
two homologous with carbon numbers
ofn+1andn
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