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a b s t r a c t

The effect of varying mobile phase composition across a ternary space between two binary compo-
sitions is examined, on four different reversed-phase stationary phases. Examined stationary phases
included endcapped C8 and C18, as well as a phenyl phase and a C18 phase with an embedded polar
group (EPG). Mobile phases consisting of 50% water and various fractions of methanol and acetonitrile
were evaluated. Retention thermodynamics are assessed via use of the van’t Hoff relationship, and reten-
tion mechanism is characterized via LSER analysis, as mobile phase composition was varied from 50/50/0
water/methanol/acetonitrile to 50/0/50 water/methanol acetonitrile. As expected, as the fraction of ace-
tonitrile increases in the mobile phase, retention decreases. In most cases, the driving force for this
decrease in retention is a reduction of the enthalpic contribution to retention. The entropic contribution
etention mechanism

an’t Hoff
SER

to retention actually increases with acetonitrile content, but not enough to overcome the reduction in
the enthalpic contribution. In a similar fashion, as methanol is replaced with acetonitrile, the v, e, and a
LSER system constants change to favor elution, while the s and c constants change to favor retention. The
b system constant did not show a monotonic change with mobile phase composition. Overall changes
in retention across the mobile phase composition range varied, based on the identity of the stationary
phase and the composition of the mobile phase.
. Introduction

.1. Use of ternary mobile phases

Although binary mobile phases are most commonly used in
eversed-phase liquid chromatography, ternary mobile phases can
e employed in order to exploit unique chromatographic selectiv-

ties. In practice, ternary mobile phases generally consist of water
nd two mutually miscible organic modifiers. In this work, ternary
obile phase systems consisting of water, methanol, and ace-

onitrile will be considered, from the point of view of retention
echanism.
While the vast majority of work investigating reversed-

hase chromatographic retention mechanisms has focused on
inary mobile phases, there are some reports in the literature

nvestigating the use of ternary mobile phases as well. Ini-

ial work with ternary mobile phases for RPLC examined the
nique selectivities possible when these solvent systems are
mployed [1–4]. An early work by Schoenmakers et al. [5] sys-
ematically examined retention as a function of ternary mobile

∗ Tel.: +1 251 460 7431; fax: +1 251 460 7359.
E-mail address: jwcoym@jaguar1.usouthal.edu.
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oi:10.1016/j.chroma.2010.07.056
© 2010 Elsevier B.V. All rights reserved.

phase composition, using both water–methanol–acetonitrile
and water–methanol–tetrahydrofuran mobile phases. Subsequent
work focused on optimization of ternary solvent mixtures, pri-
marily based on retention data from binary mobile phase systems
[6,7]. Later work used physicochemical modeling to describe solute
retention when ternary mobile phase systems were employed
[8–10]. Chemometric [11] and other computer-based modeling
techniques [12,13] have also been employed to optimize ternary
mobile phases, or to describe their retention properties. More
recently, the solvation parameter model has been used to design
ternary mobile phases [14,15]. Correlations between retention
in binary gradient reversed-phase chromatography and isocratic
ternary mobile phase chromatography have also been presented
[16,17]. Recent manuscripts of a more fundamental nature exam-
ine retention theory using ternary mobile phases [18], as well as
sorption isotherms of mobile phase components on the stationary
phase when ternary mobile phases are used [19].

Ternary mobile phases have found a variety of applications
[20–31]. These include analysis of natural product extracts [20,21],

oligomers [22], metabolites [23–25], aromatic hydrocarbons [26],
triglycerides [27], and pesticides and pollutants [28–31]. In nearly
all these cases, the unique selectivities presented by ternary mobile
phase systems allowed for improved separations over their binary
counterparts.

dx.doi.org/10.1016/j.chroma.2010.07.056
http://www.sciencedirect.com/science/journal/00219673
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mailto:jwcoym@jaguar1.usouthal.edu
dx.doi.org/10.1016/j.chroma.2010.07.056


5 gr. A 1

1

m
b
H
m
(
a

l

r
e
c
t
p
a
s
c

o
i
p
v
l
m
[
v
t
o
w
c

m
o
t
t
e
a
a
p
l
m
m
a
c
c
t
f

1

a
i
a
u
[
t
(
e
s
m
s

958 J.W. Coym / J. Chromato

.2. van’t Hoff analysis

The focus of this work is an investigation of the effect of ternary
obile phase composition on retention mechanism. One method

y which retention mechanism can be studied is via use of van’t
off analysis [32–39]. In brief, retention of a solute of interest is
easured as a function of temperature. The van’t Hoff equation

Eq. (1)) can then be used to determine the thermodynamic values
ssociated with the retention process.

n k = −�H◦

RT
+ �S◦

R
+ ln ˚ (1)

In this form of the van’t Hoff equation, k is the chromatographic
etention factor, �H◦ and �S◦ are the standard-state enthalpy and
ntropy changes associated with the retention process, R is the gas
onstant, T is the absolute temperature, and ˚ is the phase ratio of
he chromatographic system (that is, the volume of the stationary
hase divided by the volume of the mobile phase). Retention data
s a function of temperature can then be plotted as ln k vs. 1/T; the
lope of such a plot can be used to determine �H◦; the intercept
an be used to find �S◦ if the phase ratio is known.

The use of the van’t Hoff relationship in this manner requires one
f two assumptions: first, that the standard-state enthalpy change
s constant over the temperature range investigated, or that the
hase ratio does not vary with temperature. It can be difficult to
erify either of these assumptions. If either assumption fails, a non-
inear van’t Hoff plot may result. Alternatively, a linear plot due to

utually compensating changes in �H◦ and ˚ may be produced
36]. However, if the temperature range investigated is modest, the
alue of �H◦ should be more or less constant and the assump-
ion of constancy valid. The same holds true for the phase ratio:
ver a modest temperature range, changes in ˚ with temperature,
hich could be due to effects such as stationary phase solvation or

onformational change, should be minimal.
An alternate approach, which eliminates the need to make esti-

ations or assumptions on the phase ratio, is to examine the terms
f the van’t Hoff equation individually. At some given temperature,
he first term, −�H◦/RT, gives the enthalpic contribution to ln k at
hat temperature. The second two terms, �S◦/R + ln ˚, provides the
ntropic contribution. In this context, the phase ratio is considered
n entropic term, in that it represents the entropy of dilution associ-
ted with transfer of solute from the mobile phase to the stationary
hase. Because phase ratios (Vs/Vm) are usually less than 1.0, the

n ˚ term is negative. However, the overall entropic contribution
ay still be positive, if the �S◦/R term is large. There is no need to
ake any assumption as to the behavior of this term with temper-

ture. The sum of these two components is ln k. Under isothermal
onditions, examining each of these contributions to retention as a
hromatographic variable is changed (i.e., mobile phase composi-
ion) provides insight as to how the thermodynamic driving force
or retention is changing.

.3. LSER analysis

While thermodynamic analysis of retention via a van’t Hoff
pproach provides information on the driving force for retention,
t does not provide information on specific intermolecular inter-
ctions that cause retention. This type of data can be obtained by
se of a linear solvation energy relationship, or LSER, for retention
38–52]. This model assumes that the overall retention is due to
he sum of contributions from various intermolecular interactions

such as dispersive forces, cavity formation, hydrogen bonding,
tc.). Solutes participate in these types of interactions in both the
tationary and mobile phases; if the interaction is stronger in the
obile phase, the interaction favors elution, if it is stronger in the

tationary phase, it favors retention.
217 (2010) 5957–5964

Eq. (2) is a typical LSER equation for reversed-phase chromatog-
raphy.

log k = c + vV + eE + sS + aA + bB (2)

In this equation, k is the chromatographic retention factor, V, E,
S, A, and B are solute descriptors related to molecular size, excess
molar refraction relative to the molar refraction of a similar-sized
alkane (this provides a measure of excess polarizability), dipo-
larity/polarizability, hydrogen bond acidity, and hydrogen bond
basicity, respectively [40]. The coefficients c, v, e, s, a, and b, col-
lectively called system constants, describe the chromatographic
system’s response to solutes participating in that type of interaction
[40,41,44]. These values are relative between the stationary and
mobile phase, so the sign of a system constant indicates in which
phase a given interaction is stronger. A negative system constant
indicates that a specific intermolecular interaction is stronger in the
mobile phase (and thus favors elution); a positive system constant
indicates that the interaction is stronger in the stationary phase,
favoring retention. For the a and b system constants, the values
refer to the relative basicity and acidity of the system—that is, its
ability to interact with acids and bases. The c system constant is
related to the phase ratio of the system, as well as any other inter-
actions not accounted for in the other terms. System constants are
determined by chromatographing a series of solutes with known
solutes descriptors using a fixed set of chromatographic conditions,
then regressing the measured retention factors against the solute
descriptors to obtain a set of system constants. In examining the
effect of a chromatographic variable on retention mechanism, a set
of system constants are determined, some variable (such as mobile
phase composition or stationary phase type) is changed, and the
process repeated. In this manner, the effect of changing a chro-
matographic variable on a specific type of retention interaction can
be observed.

In this work, the effect of ternary mobile phase composition on
retention will be assessed on four different stationary phases, using
mobile phases consisting of 50% water and 50% organic modifier
(methanol + acetonitrile, in various ratios). The effect of changing
mobile phase composition on the enthalpic and entropic contribu-
tions to overall retention will be examined via a van’t Hoff approach.
Changes in retention mechanism will be examined by quantifying
the difference in sets of LSER system constants between different
mobile phase compositions, as well as between different stationary
phases across the ternary mobile phase space.

2. Experimental

2.1. Equipment and supplies

All chromatography experiments were performed using a Shi-
madzu (Columbia, MD, USA) Prominence HPLC system. The system
consisted of a model DGU-20A5 mobile phase degasser, a model
LC-20AD pump with low-pressure quaternary gradient module, a
model SIL-20A autosampler, a model CTO-20AC column oven, and
model SPD-20A UV–vis detector. Instrument control and data col-
lection utilized Shimadzu EZStart software, version 7.3.

Four different reversed-phase stationary phases were exam-
ined in this work. All were Agilent (Wilmington, DE, USA) Zorbax
phases, and included Eclipse XDB-C8, Eclipse XDB-C18, Eclipse
XDB-Phenyl, and Bonus-RP, which is an alkyl phase with an embed-
ded polar group (EPG). All columns were 150 mm × 4.6 mm is

dimension, with 5 �m silica base particles having a surface area
of 180 m2/g and pore diameter of 80 Å.

Mobile phases consisted of various combinations of water,
methanol, and acetonitrile. Water was purified using a Continental
Water Systems water purifications systems. Methanol and acetoni-
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Table 1
Solute descriptors for use in LSER analysis. Values are from Refs. [47–49].

Solute V S A B E

Benzene 0.7164 0.52 0.00 0.14 0.610
Toluene 0.8573 0.52 0.00 0.14 0.601
Ethylbenzene 0.9982 0.51 0.00 0.15 0.613
Propylbenzene 1.1391 0.50 0.00 0.15 0.604
n-Butylbenzene 1.2800 0.51 0.00 0.15 0.600
Ethyl paraben 1.2722 1.35 0.69 0.45 0.860
Butyl paraben 1.5540 1.35 0.69 0.45 0.860
1,4-Dichlorobenzene 0.9612 0.75 0.00 0.02 0.825
3,4-Dichlorophenol 1.0199 1.14 0.85 0.03 1.020
Acetone 0.5407 0.70 0.04 0.49 0.179
Benzyl alcohol 0.9160 0.87 0.33 0.56 0.803
p-Chlorophenol 0.8975 1.08 0.67 0.20 0.915
Phenol 0.7751 0.89 0.60 0.30 0.805
m-Cresol 0.916 0.88 0.57 0.34 0.822
Theophylline 1.2223 1.60 0.54 1.34 1.500
n-Benzyl formamide 1.1137 1.80 0.40 0.63 0.990
3-Phenyl-1-propanol 1.1978 0.90 0.30 0.67 0.821
Phenyl ethyl alcohol 1.0569 0.91 0.30 0.64 0.811
Acetopheneone 1.0139 1.01 0.00 0.48 0.818
Benzonitrile 0.8711 1.11 0.00 0.33 0.742
Methyl benzoate 1.0726 0.85 0.00 0.46 0.773
Anisole 0.9160 0.75 0.00 0.29 0.708
p-Nitrotoluene 1.0315 1.11 0.00 0.28 0.870
Benzophenone 1.4808 1.50 0.00 0.50 1.447
Bromobenzene 0.8914 0.73 0.00 0.09 0.882
Naphthalene 1.0854 0.92 0.00 0.20 1.340
p-Xylene 0.9982 0.52 0.00 0.16 0.613
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Nitrobenzene 0.8906 1.11 0.00 0.28 0.871
Caffeine 1.3632 1.60 0.00 1.33 1.500

rile were ACS grade, obtained from Fisher Scientific (Pittsburgh,
A, USA). For the purposes of this manuscript, mobile phase com-
onent “A” is always water, “B” is methanol, and “C” is acetonitrile.
hus, a 50/20/30 mobile phase is 50% water, 20% methanol, and
0% acetonitrile by volume. Test solutes for van’t Hoff analysis
ere acetophenone, 3,4-dichlorophenol, and 1,4-dichlorobenzene.

hese solutes were selected due to their significantly different
ehavior in terms of hydrogen bonding, based on their LSER solute
escriptors. Acetophenone is a relatively strong hydrogen bond
ase; 3,4-dichlorophenol is a relatively strong hydrogen bond acid,
nd 1,4-dichlorobenzne does not have any significant hydrogen
oding ability. For the LSER analysis, the test solutes and their
olvatochromic descriptors are listed in Table 1.

All test solutes were obtained from Sigma–Aldrich (St. Louis,
O, USA). For both sets of experiments, uracil was used for the

oid time marker. All test solutions were made up in acetonitrile.
n injection volume of 5 �L was used for all chromatographic runs.
he flow rate was 1.50 mL/min. Detection was by UV absorbance
t 220 and 254 nm. The extracolumn volume of the system was
easured and eliminated from all retention calculations.

.2. Experimental procedure

For use in van’t Hoff analysis, temperature dependent reten-
ion data were collected at 25, 35, 45, and 55 ◦C for each of the
hree van’t Hoff test solutes. The mobile phase composition was
ystematically varied from 50/50/0 water/methanol/acetonitrile to
0/0/50 water/methanol/acetonitrile, in increments of 10% strong
olvent. The water content was always kept at 50%. In effect, one
obile phase modifier was replaced with another in a stepwise

ashion, while traversing the ternary mobile phase space. Exper-

ments were repeated for each of the four stationary phases. All
hromatographic runs were performed in duplicate.

For the LSER analysis, the same mobile phase conditions were
sed, but the temperature was held constant at 35 ◦C for all runs.
SER system constants were determined by multivariable linear
217 (2010) 5957–5964 5959

least squares regression of the retention data against the solute
descriptors, using Eq. (2) as the model.

The LINEST function in Microsoft Excel 2003 was used for regres-
sion of ln k vs. 1/T (for van’t Hoff analysis) as well as for the LSER
linear regression. This function returns standard deviations of the
regression parameters, which were used to construct the error bars
in the figures.

3. Results and discussion

3.1. van’t Hoff analysis

Retention thermodynamics were assessed for three solutes:
acetophenone, 3,4-dichlorophenol, and 1,4-dichlorobenzene, with
each of the four stationary phases over the entire mobile phase
range. These solutes were selected due to their significantly dif-
ferent values in LSER solute descriptors, especially with regards to
hydrogen bonding. Overall retention at 35 ◦C, as ln k, was deconvo-
luted into contributions from enthalpy and entropy, as described
in Section 1.2.

Fig. 1 illustrates the effect of mobile phase composition on reten-
tion, using the C8 stationary phase. As would be expected, as the
acetonitrile content of the mobile phase increases, retention (plot-
ted here as ln k) decreases. In general, the enthalpic contribution to
retention (the slope of the van’t Hoff plot, divided by the absolute
temperature, at a temperature of 35 ◦C or 308 K) is greater than the
overall retention. The entropic contribution, which has contribu-
tions both from relative cavity formation in the phases and from the
phase volumes, is negative. The sum of these two terms provides
the measured retention.

As acetonitrile replaces methanol in the mobile phase, the
enthalpic term generally becomes more favorable for elution, while
then entropic term generally becomes more favorable for reten-
tion. Because retention decreases with acetonitrile content in the
mobile phase, it is clear that the change in the enthalpic con-
tribution to retention is more significant than the change in the
entropic term. Stated another way, the decrease in retention as
acetonitrile content increases is due to a decrease in the enthalpic
contribution, even with a change in the entropic contribution
which, taken by itself, should lead to an increase in retention. This
can be compared to the results reported by Ranatunga and Carr
[35], in which the enthalpic and entropic contributions to reten-
tion were reported for binary water/acetonitrile mobile phases.
In their work, the enthalpic contribution to retention decreased
as water was replaced by acetonitrile; in this work, we observe a
decrease in the enthalpic contribution to retention as methanol is
replaced by acetonitrile. Different behavior is observed, however,
with regards to the entropic contribution to retention. In Ranatunga
and Carr’s work, as acetonitrile replaces water, the entropic contri-
bution becomes more negative, indicating an entropic shift favoring
elution, while in this work, the change in the entropic contribution
to retention as acetonitrile replaces methanol is positive, favoring
retention. In summary, for binary water/acetonitrile mobile phases,
as acetonitrile replaces water, both the enthalpic and entropoic
contributions to retention change to favor elution [35], but in
ternary mobile phases with a constant water content, as acetonitrile
replaces methanol, the enthalpic contribution to retention shifts to
favor elution while the entropic contribution shifts to favor reten-
tion.

The same general trends are observed for the other three sta-

tionary phases, with only a few exceptions. Figs. 2–4 show retention
data on the C18, embedded polar group, and phenyl phases, respec-
tively. One exception to this behavior occurs for acetophenone on
the C18 phase, for which the changes in thermodynamic value did
not appear to follow a trend (although the overall retention did
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Fig. 1. Overall retention (as ln k), and enthalpic and entropic contributions to reten-
t
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Fig. 2. Overall retention (as ln k), and enthalpic and entropic contributions to reten-
ion, for (a) acetophenone; (b) 3,4-dichlorophenol; and (c) 1,4-dichlorobenzene on
he Zorbax Eclipse XDB C8 stationary phase. All mobile phases were 50% water, with
he remainder being some combination of methanol and acetonitrile.

ecrease with the addition of acetonitrile to the mobile phase).
ne other interesting point can be noted when acetophenone is
sed as a test solute. When the mobile phase composition changes
orm 50/40/10 to 50/0/50 (that is, the last step, when methanol
s removed from the mobile phase), the enthalpic contribution to
etention increases, while the entropic contribution to retention
ecreases. This is in contrast to the general trend of the enthalpic
ontribution to retention decreasing while the entropic contribu-
ion increases as the acetonitrile content increases.

Of primary interest is how the overall retention changes over

he ternary mobile phase space. That is, are the stepwise changes
n retention similar in size over the ternary phase space, or do
he size of the steps change as a function of mobile phase com-
osition? This can be investigated by examining the incremental
tion, for (a) acetophenone; (b) 3,4-dichlorophenol; and (c) 1,4-dichlorobenzene on
the Zorbax Eclipse XDB C18 stationary phase. All mobile phases were 50% water,
with the remainder being some combination of methanol and acetonitrile.

changes in these values at each mobile phase composition. Table 2
lists the incremental changes in retention the three solutes, on each
of the four stationary phases. In many cases, the size of the reten-
tion “steps” across the ternary mobile phase space changes in a
monotonic fashion. The embedded polar group and phenyl phases
are most predictable in this regard. For all three solutes on these
phases, the retention steps decrease in size as methanol is removed
and acetonitrile is added. As a result, the largest changes in reten-
tion occur with higher amounts of methanol in the ternary mobile
phase. However, on the alkyl (C8 and C18) stationary phases, this
trend of decreasing step size with increasing acetonitrile content
is only observed for 1,4-dichlorobenzene. The other two solutes

exhibit different behavior. For acetophenone on the alkyl phases,
no trends are seen in the step size as mobile phase composition is
varied. When 3,4-dichlorophenol is examined, the steps in reten-
tion generally increase in size with increasing acetonitrile content.
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Fig. 3. Overall retention (as ln k), and enthalpic and entropic contributions to reten-
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ion, for (a) acetophenone; (b) 3,4-dichlorophenol; and (c) 1,4-dichlorobenzene on
he Zorbax Bonus-RP (embedded polar group) stationary phase. All mobile phases
ere 50% water, with the remainder being some combination of methanol and

cetonitrile.

he one exception is on the C8 stationary phase, when methanol is
emoved from the mobile phase.

.2. LSER analysis

While van’t Hoff analysis allows elucidation of the thermo-
ynamic driving force for retention, it does not provide specific

ndication of the types of intermolecular interactions occurring
etween the analyte, mobile phase, and stationary phase. This can
e determined by the use of LSER analysis, as detailed in Section 1.3.
SER analysis was performed using the same stationary and mobile

hase combinations as used for van’t Hoff analysis. The changes in
SER system constants, which describe a chromatographic system’s
esponse to a specific solute interaction, are shown in Figs. 5–7.

For all four stationary phases examined, there were some gen-
ral trends seen in the changes of the LSER system constants as
Fig. 4. Overall retention (as ln k), and enthalpic and entropic contributions to reten-
tion, for (a) acetophenone; (b) 3,4-dichlorophenol; and (c) 1,4-dichlorobenzene on
the Zorbax Eclipse XDB phenyl stationary phase. All mobile phases were 50% water,
with the remainder being some combination of methanol and acetonitrile.

methanol is replaced by acetonitrile. In all cases, the v, e, and a
system constants, which represent cavity formation, excess polar-
izability, and relative basicity of the chromatographic phases, trend
negative as methanol is replaced by acetonitrile. This is illus-
trated in Fig. 5. Since, in general, acetonitrile is a “stronger” mobile
phase modifier than methanol, it is these interactions which lead
to decreased retention as the fraction of acetonitrile increases.
These trends easily explained based on the types of intermolecu-
lar interaction possible with methanol and acetonitrile. The cavity
formation term, v, consists of contributions from dispersive interac-
tions between solute and the mobile or stationary phase, and from
the ease with which a cavity is formed in a given phase. It is much

easier to form a cavity in an acetonitrile-containing mobile phase
than one containing methanol, because of the reduction in hydro-
gen bonding between the molecules of the solvent. The decrease
in the e term, which reflects excess polarizability, is due to the
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Table 2
Incremental change in the ln k for acetophenone, 3,4-dichlorophenol, and 1,4-
dichlorobenzene as the ternary mobile phase space is traversed. Column 1
indicates the fraction of acetonitrile in the two mobile phase compositions com-
pared, for example, “10 → 20” indicates a comparison of 50/40/10 and 50/30/20
H2O/MeOH/ACN.

C8 C18 EPG Phenyl

Acetophenone
0 → 10 −0.055 −0.057 −0.097 −0.221
10 → 20 −0.074 −0.074 −0.064 −0.159
20 → 30 −0.085 −0.083 −0.034 −0.105
30 → 40 −0.078 −0.060 −0.018 −0.050
40 → 50 −0.030 −0.095 +0.035 +0.016

3,4-Dichlorophenol
0 → 10 −0.226 −0.232 −0.230 −0.229
10 → 20 −0.250 −0.242 −0.187 −0.239
20 → 30 −0.277 −0.282 −0.152 −0.219
30 → 40 −0.294 −0.282 −0.128 −0.186
40 → 50 −0.258 −0.315 −0.091 −0.133

1,4-Dichlorobenzene
0 → 10 −0.200 −0.235 −0.207 −0.304
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10 → 20 −0.186 −0.207 −0.166 −0.212
20 → 30 −0.172 −0.197 −0.132 −0.157
30 → 40 −0.170 −0.179 −0.118 −0.115
40 → 50 −0.169 −0.239 −0.113 −0.081

resence of the carbon–nitrogen triple bond in acetonitrile. The
nal term which changes to favor elution is the a system constant,
r the relative basicity of the stationary and mobile phases. Both
ethanol and acetonitrile have lone pairs of electrons that may

nteract with hydrogen bond acids. When methanol is present,
owever, its hydrogen bond acidity may “block” this interaction

rom occurring with a solute. As it is removed from the mobile
hase, more hydrogen-bond base sites become available, increas-

ng the relative basicity of the mobile phase, leading to a reduction
n the a system constant.

As seen in Fig. 6, two of the system constants actually seem to
avor an increase in retention as the mobile phase organic mod-
fier changes from methanol to acetonitrile. These are the s term,

hich represents polar interactions, and the c term, which contains
ontributions form interaction not assessed in the other system
onstants, as well as from the phase ratio of the system. Methanol
s a more polar solvent overall than acetonitrile, so this trend in
he s system constant is expected. Changes in the c term are more
ifficult to explain, but one factor may be mobile phase adsorption

nto or onto the stationary phase. In general, acetonitrile adsorbs
nto the stationary phase to a much greater extent than methanol
19]; this would have the effect of increasing the stationary phase
olume if this adsorbed solvent were taken to be part of the sta-
ionary phase. This would in turn increase the effective phase ratio,
nd thus the c system constant.

The one system constant that does not change monotonically as
ethanol is replaced with acetonitrile is the b term, which repre-

ents the relative acidity of the stationary and mobile phases. This is
llustrated in Fig. 7. In fact, when compared to the other system con-
tants, this term does not change much at all. However, there does
eem to be a slight minimum in b, generally around 30% acetonitrile.
his suggests that the replacement of methanol with acetonitrile
ffects the relative acidity of both the mobile and stationary phases;
t does not just affect one or the other.

The effect of ternary mobile phase composition on overall reten-
ion mechanism can be determined from examination of the LSER
ystem constants. Of particular interest is how these values change

s the ternary mobile phase space is traversed. An overall difference
n the retention mechanism can be quantified by treating the sys-
em constants as elements of a vector, and determining the angle
etween two vectors representing two different conditions. This
ype of analysis was introduced by Ishihama and Asakawa [53] and
Fig. 5. Values of the v, e, and a system constants as a function of mobile phase compo-
sition, on the four stationary phases examined. In general, these constants changed
to favor elution as methanol was replaced with acetonitrile as organic modifier in
the mobile phase.

has subsequently been used by several other authors [50–52] to
quantify differences between two different sets of chromatographic
conditions.

In brief, the cosine of an angle between two vectors is deter-
mined by dividing the dot product of the vectors by the products
of their lengths:

cos � = ab
∥
∥a

∥
∥

∥
∥b

∥
∥

(3)

In this equation, a and b are vectors, and � is the angle between
them. This quantity can be directly used, or it can be converted to
an angle between the two vectors. In this work the quantity will

be reported as an angle, so smaller values are indicative of more
similar systems, and larger value indicate systems which are more
different.

When LSER system constants are compared, the e, s, v, a, and b
terms are used. The c term is not used, to force the vectors through
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Table 3
Angles between the LSER vectors across the ternary mobile phase space, on the four
different stationary phases.

C8 C18 EPG Phenyl

Mobile phase change
0 → 10 4.42◦ 3.19◦ 4.59◦ 4.46◦

10 → 20 2.81◦ 3.09◦ 2.43◦ 4.68◦

20 → 30 3.22◦ 3.19◦ 4.68◦ 4.01◦

30 → 40 3.27◦ 3.12◦ 1.36◦ 3.47◦

40 → 50 2.78◦ 3.39◦ 2.44◦ 2.85◦

Table 4
Angles between the LSER vectors between different stationary phases, across
the ternary mobile phase space. Mobile phase compositions are reported as
water/methanol/acetonitrile.

Column pair 50/50/0 50/40/10 50/30/20 50/20/30 50/10/40 50/0/50

C8–C18 3.0◦ 3.7◦ 3.2◦ 2.6◦ 2.9◦ 5.6◦

C8–phenyl 8.7◦ 7.3◦ 6.4◦ 5.7◦ 5.1◦ 10.6◦

C8–EPG 5.4◦ 5.7◦ 5.8◦ 6.7◦ 8.3◦ 12.1◦
ig. 6. Values of the s and c system constants as a function of mobile phase compo-
ition, on the four stationary phases examined. In general, these constants changed
o favor retention as methanol was replaced with acetonitrile as organic modifier in
he mobile phase.

he origin of a five-dimensional space [51]. The vectors a and b
n Eq. (3) are the LSER system constants under two different sets
f chromatographic conditions. Using this method, the amount of
issimilarity between two different sets of conditions can be quan-
ified.

Differences in retention mechanism across the ternary phase
pace can be compared by finding the angle between the LSER
ectors for two adjacent sets of conditions. In this way, it can be
etermined which steps produce more significant changes in the

hromatographic system, and which steps are produce less sig-
ificant changes. The angles between the steps for each of the

our phases are shown in Table 3. With all four stationary phases,
he step differences were generally small, with angles between
he LSER vectors of between 1◦ and 5◦. On the phenyl phase, the

ig. 7. Values of the b system constant as a function of mobile phase composition,
n the four stationary phases examined. In general, the s constant did not vary
ppreciably with mobile phase composition.
C18–phenyl 7.2◦ 5.9◦ 5.7◦ 5.8◦ 5.9◦ 11.1◦

C18–EPG 7.1◦ 7.5◦ 7.5◦ 8.7◦ 9.9◦ 13.3◦

EPG–phenyl 10.4◦ 9.3◦ 9.1◦ 10.1◦ 11.1◦ 16.0◦

step size – that is, the angle between two adjacent LSER vectors –
decreased as the amount of acetonitrile increased. Stated another
way, on the phenyl phase, retention mechanism changed more
rapidly when acetonitrile was first introduced as compared to when
it was removed.

The other three phases did not seem show any distinct trends in
step size across the ternary mobile phase space. For the C8 phase,
the largest step was when acetonitrile was first introduced, but
subsequent steps were similar in size. The C18 phase had consistent
step sizes across the entire mobile phase range. The step sized on
the EPG phase were more variable, perhaps due to interaction of
the various mobile phases with the embedded polar group.

A second comparison can be made between the LSER vectors of
two different stationary phases at a common mobile phase com-
position. This allows for determination of which ternary mobile
phase compositions allow for greater differences in stationary
phase selectivity. This data is shown in Table 4. Several trends
from this data can be described. For every pair of phases com-
pared, the largest difference is LSER vectors is seen with the 50/0/50
H2O/MeOH/ACN mobile phase. This suggests that these chromato-
graphic systems act “most different” with this mobile phase. Trends
in phase similarity can also be observed for each of the stationary
phase pairs. The C8 and C18 phases behave in the most similar fash-
ion across the ternary mobile phase space. This is not unexpected,
as both are traditional alkyl phases. When the C8 and phenyl phases
are compared, the angles between the LSER vectors gets smaller as
acetonitrile is added, until the last step, when methanol is removed
from the system. This contrasts with a comparison of the C18 and
phenyl phases, for which the step size remains more or less con-
stant (except for the last step). When the EPG phase is compared
with either of the alkyl phases, the steps get larger across the mobile
phase space. However, this trend does not hold when the EPG and
phenyl phases are compared. In this case, the steps are more-or-less
the same size.

4. Conclusions

Retention mechanism, as determined thermodynamically via

van’t Hoff analysis or specifically via LSER analysis, seems to
change in a monotonic and predictable manner as mobile phase
composition is changed from 50/50/0 water/methanol/acetonitrile
to 50/0/50 water/methanol/acetonitrile. Thermodynamic analysis
shows that the decrease in retention as acetonitrile becomes the
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ominant organic solvent is due to enthalpic effects, which over-
ule entropic effects that would, on their own, suggest an increase
n retention as the amount of acetonitrile is increased. In terms of
n LSER model, the decrease in retention as acetonitrile content
ncreases is due to changes in the cavity formation, excess polar-
zability, and relative basicity (v, e, and a) terms. This overrules
hanges in other terms that suggest increases of retention with
cetonitrile.

As the ternary mobile phase space is traversed, vectors of LSER
ystem constants can be used to quantify change in retention mech-
nism. When the phenyl stationary phase is used, these changes
ecome larger as the amount of acetonitrile in the mobile phase

ncreases. This trend is not seen on the three alkyl phases, includ-
ng the one containing an embedded polar group. Differences in
SER constants between different stationary phases at a given
obile phase composition were also examined. The inclusion of
ethanol in the mobile phase reduced the difference in LSER

ectors between two stationary phases. In other words, greater dif-
erences in selectivity due to the identity of the stationary phase
ere seen with binary water/acetonitrile mobile phases, when

ompared to ternary mobile phases or water/methanol binary
obile phases.
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