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Abstract

The retention behavior on silica gels bonded to C18 and C1 alkyl ligands of different densities was studied in reversed-phase liquid chromatography
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RPLC) from the viewpoints of two extrathermodynamic relationships, enthalpy–entropy compensation (EEC) and linear free energy r
LFER). First, the four tests proposed by Krug et al. were applied to the values of the retention equilibrium constants (K) normalized by th
lkyl ligand density. These tests showed that a real EEC of the retention equilibrium originates from substantial physico-chemical effec,
e derived a new model based on the EEC to explain the LFER between the retention equilibria under different RPLC conditions
odel indicates how the slope and intercept of the LFER are correlated to the compensation temperatures derived from the EEC ana

everal parameters characterizing the molecular contributions to the changes in enthalpy and entropy. Finally, we calculatedK under various RPLC
onditions from only one original experimentalK datum by assuming that the contributions of the C18 and C1 ligands toK are additive and tha
heir contributions are proportional to the density of each ligand. The estimatedK values are in agreement with the corresponding experim
ata, demonstrating that our model is useful to explain the variations ofK due to changes in the RPLC conditions.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Octadecylsilyl (C18)-bonded silica gels are the most popular
ype of packing materials for RPLC[1,2]. Their chromato-
raphic behavior depends on the modification conditions of the
18 and C1 ligands bonded to the base silica gels, for instance on

he density and type (monomeric or polymeric) of C18 ligands,
nd on the end-capping treatment with C1 ligands for residual
ilanol groups. In some cases, the modification conditions of C18
nd C1 ligands are made intentionally in order to attain specific
eparations.

The influence of the alkyl ligand density on the chromato-
raphic behavior has been studied from the viewpoint of the
etention equilibrium[3–8]. In some papers[4–6], linear corre-

∗ Corresponding author. Tel.: +1 8659740733; fax: +1 8659742667.
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lations have been observed between the retention factor (k′) and
the alkyl ligand density at low density conditions. It was repo
that, althoughκ′ initially increases with increasing density of t
alkyl ligands, it tends toward a constant level at high ligand
sities[4–6]. Limit values ofκ′ were observed for small samp
compounds at high ligand densities[4]. However, the correla
tions betweenκ′ and the alkyl ligand density become more ne
linear with increasing molecular size of the sample compo
or with decreasing length of the alkyl chain[4,5]. The value o
κ′ does not begin to plateau when the sample molecules are
enough[4]. The influence of the alkyl ligand density on the s
aration factor (αsep) was also studied[7,8]. It was reported tha
the values ofαsep for a methylene or a phenyl unit are linea
correlated with the surface coverage of C18 ligands, although th
increment inαsepfor one methylene group is relatively small[8].

The retention equilibrium in RPLC has also been studied
the thermodynamic and the extrathermodynamic points of
The temperature dependence ofκ′ was analyzed using the va

021-9673/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Hoff equation to derive the changes in the enthalpy (�H) and
entropy (�S) associated with the adsorption of sample molecules
from the mobile phase onto the stationary phase. Analyses of
retention equilibrium data are supported by a solid theoretical
basis, i.e., the thermodynamics of phase equilibria. Extrathermo-
dynamic correlations between thermodynamic parameters have
also been studied to discuss retention and separation mecha-
nisms in RPLC. For instance, mechanistic similarities of the
retention behavior in RPLC were discussed on the basis of the
enthalpy–entropy compensation (EEC) between�H and�S.
Numerous publications have demonstrated an EEC on exper-
imental data[9–20] and supported the possibility of an EEC
on theoretical bases[21–25]. Compensation temperatures (Tc)
between ca. 500 and 1000 K have been reported for retention
equilibria under different RPLC conditions, different mobile
phase solvents, sample compounds, and temperature ranges
[10,11,15,17–20]. The existence of an EEC suggests that the
retention behavior is governed by a single mechanism.

We have also studied the influence of the C18 ligand density
on some RPLC characteristics[18,26]. With increasing den-
sity of C18 ligand, the retention equilibrium constant (K), the
absolute value of the isosteric heat of adsorption (the enthalpy
change due to retention) (Qst), and the activation energy of sur-
face diffusion increase while, in contrast, the surface diffusion
coefficient decreases. There is a critical carbon content of the
stationary phase above which these four parameters no longer
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density of alkyl ligands, on retention equilibria, notably from
the thermodynamic and extrathermodynamic viewpoints.

This paper is concerned with the retention behavior of sev-
eral C18-bonded silica gels the surface of which is modified with
C18 and C1 ligands at different densities. First, it was attempted
to explain the experimental retention data of sample molecules
on the C18 ligands on the basis of the solvophobic theory. We
assumed independently parallel contributions of the C18 and C1
ligands on the retention equilibrium. Then, we introduced a new
coefficient,κ, the equilibrium constantK normalized by the alkyl
ligand density (σ), because the densities of both the C18 and the
C1 ligands is changed in this study. We tried to demonstrate the
presence of a true EEC relationship for the retention equilibrium
in RPLC by analyzing the temperature dependence ofκ, accord-
ing to the four methods proposed by Krug et al.[21–23]. Finally,
we derived a new model to account for the influence of several
experimental parameters on the retention behavior in RPLC. It
was demonstrated that the new model provides a comprehensive
interpretation of the variations ofK with some RPLC conditions.

2. Experimental

2.1. Columns

Table 1lists some physico-chemical properties of the sta-
tionary phases, i.e., five C-silica gels (ODS, #1–#5) and one
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ignificantly change with increasing C18 ligand density. Thi
evel probably depends on the size of the sample molecu
as also suggested that one sample molecule probably int
ith a single C18 chain at low C18 ligand densities whereas

he C18 ligands do not necessarily contribute to the reten
ehavior of the sample molecules at high ligand densities
ossibility of the interaction of one sample molecule with sev
18 ligands was denied even when the density of C18 ligand is
igh enough[26]. An explanation for the retention behavior
18-silica gels is the assumption that the sample molecules
trate into the layer of C18 ligands[27,28]. However, the actua
etention behavior in RPLC could be more complicated an
ave not yet sufficiently interpreted the influence of the m
cation conditions of the stationary phase, i.e., the length

able 1
hysico-chemical properties of RP stationary phases

acking material/column no. 1

ain alkyl chain C18

article density,ρp (g cm−3) 0.67
orosity (εp) 0.65

arbon content (%)
Before end-capping 1.6
After end-capping 5.0
C1 ligand,CC1 3.4

18 ligand density,σC18 (�mol m−2)a 0.26
istance between C18 ligands (nm)a 2.9
atio of silanol group treated with C18 ligands (%)b 3.2

a Calculated from the carbon content before end-capping and the BET
b Calculated from the C18 ligand density and the density of silanol groups
It
ts

-

18

1-silica gel (TMS, #6). The RPLC columns packed with th
eparation media and most of the information were obta
rom YMC (Kyoto, Japan). All the stationary phases are s
hesized from the same base silica gel. The five C18-silica gels
re probably monomeric type packing materials. The de
f C18 ligand was calculated from the carbon content of
acking materials and the BET surface area of the bas

ca gel (290 m2 g−1). The carbon content of the C18-silica gels
rom #1 to #4 increased from 0.9 to 3.4 wt.% upon end-cap
reatment with trimethylsilyl ligands. The end-capping cau
o substantial increase in the carbon content of the C18-silica
el #5.

The density of C18 ligand was estimated in the range betw
.26 and 3.2�mol m−2. Although this range is not extreme

3 4 5 6

18 C18 C18 C18 C1

.69 0.71 0.79 0.86 0.7

.61 0.57 0.50 0.46 0.6

3.6 6.4 12.8 17.1 4
6.6 8.6 13.7 17.1 –
.0 2.2 0.9 0 4.1

.59 1.1 2.3 3.2 –

.9 1.4 1.0 0.81 –

.3 13 29 40 –

ce area of the base silica gel (290 m2 g−1).
he surface of the base silica gel (assumed to be 8�mol m−2).
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high, it sufficiently covers the practical conditions concern-
ing the density of C18 ligands on RPLC stationary phases
because the highest density of C18 ligands is probably about
3.0–3.5�mol m−2 for most commercially available monofunc-
tional C18 packing materials. It is estimated that about 40% of
the silanol groups react with the C18 ligands on the surface of
the base silica gel[29] to form the C18-silica gels #5 (density
3.2�mol m−2) since the typical density of silanol groups is about
8�mol m−2. The average distance between adjacent C18 ligands
on the surface of the C18-silica gels was calculated from the den-
sity of the C18 ligands. This distance is likely to be about one to
four times the average molecular size of the sample molecules.
For instance, the molecular radii of benzene andn-hexylbenzene
are respectively estimated at about 0.34 and 0.45 nm from their
molar volumes at their normal boiling point, assuming a spher-
ical molecular shape.

2.2. Apparatus

A high performance liquid chromatograph system (LC-6A,
Shimadzu, Kyoto, Japan) was used for acquiring experimen-
tal data. A Rheodyne (Cotati, CA, USA) valve injector (Model
7125) was used for injecting small amounts of the sample solu-
tion (ca. 0.5–300�l) into the column. The column temperature
was kept constant by immersing it in temperature-controlled
water. The ultraviolet detector of the HPLC system was used for
m the
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In order accurately to deriveK from µ1, the residence time
of the sample compounds in the extra-column tubes was sub-
tracted from the experimental values ofµ1 [18,33]. Similar
pulse response experiments were made without the column to
measure the internal volume of the extra-column pipes between
the injection valve and the column and between the column
and the detector. On the other hand, the contribution ofµ1 of
the sample pulses introduced at the inlet of the column was
neglected because of the extremely small size of the sample
solution injected. As described above, for instance, the injec-
tion volume of the sample solution ofn-hexylbenzene was ca.
300�l because of the low solubility of the compound in the
mobile phase, which is not small compared with conventional
sample volumes in LC. However, the retention volume ofn-
hexylbenzene is at least two orders of magnitude larger than the
injection volume. The retention ofn-hexylbenzene is so strong
that the volume of the sample injected provides substantially no
influence on the first moment analysis of the elution peaks.

3. Results and discussion

Contribution of C18 and C1 ligands toK. Fig. 1 shows the
correlation of the experimental values ofK (Kexp) at 298 K
with the carbon content (C) of the RPLC stationary phases. The
superscriptexp denotes chromatographic data measured in the
R exp

f orre-
l ing
C
s
s n
l -
u ge of
t d
t the
onitoring the concentration of the sample compounds in
ffluent at the column exit.

.3. Chromatographic measurements

The mobile phase was a methanol/water mixture (70
/v). Alkylbenzenes (ethylbenzene,n-butylbenzene, andn-
exylbenzene) were used as the sample compounds. Ura
odium nitrate were used as inert tracers. They were all re
rade and used without further purification. Sample solu
ca. 0.1 wt.% in most cases) were prepared by dissolvin
ample compounds into the mobile phase. The elution pea
les were measured by means of the pulse response expe
i.e., elution chromatography) at different mobile phase
ates (1.0–2.0 m/min−1). The column temperature was chan
n the range from 288 to 308 K.

.4. Data analysis

The value ofK was calculated from the first moment (µ1) of
he elution peak, which is the same as the retention time whe
eak profile is symmetrical. According to the moment the
1 is formulated as follows.

1 =
(

L

u0

)
[εe + (1 − εe)(εp + ρpK)] (1)

hereL is the column length,u0 the superficial velocity of th
obile phase,εe and εp the external and internal porositi

espectively, andρp is the particle density. Details regard
he moment analysis method can be found in the litera
18,30–33].
,
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PLC systems. The value ofK increases with increasingC
or all the sample compounds. However, the slope of the c
ations betweenKexp andC gradually decreases with increas
. Almost the same values ofKexpare observed for the two C18-
ilica gel columns #4 and #5. The trend of the curves inFig. 1is
imilar to that of the correlation betweenK and the alkyl chai
ength in RPLC[18]. The value ofK for relatively small molec
lar size sample compounds begins to plateau in the ran

he alkyl chain length longer than around C8. It was conclude
hat only part of longer alkyl ligands might contribute to

Fig. 1. Correlation ofKexp with C of the stationary phases.
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Fig. 2. Plot ofKcal
C18

againstσC18.

retention behavior in RPLC[18]. Similarly, the results inFig. 1
suggests that all the C18 ligands do not necessarily contribute to
the retention of the sample compounds at high coverage density
of C18 ligands[26].

In order to clarify the characteristics of the retention behav-
ior on the C18-silica gel columns (#1–#5) which are all packed
with C18-silica gels treated with trimethylsilyl ligand for end-
capping, it was assumed as a first approximation that the valu
of K consists of the sum of the contributions of the C18 ligands
(KC18) and of the C1 ligands (KC1) and that the contribution
of the C1 ligands is proportional to the corresponding carbon
content (CC1).

K = KC1 + KC18 (2)

KC1 = K
exp
TMS

(
CC1

4.1

)
(3)

whereK
exp
TMS denotes the retention equilibrium constant of the

sample compounds measured on the C1-silica gel column (#6).
The subscripts C1 and C18 stand for the respective contributions
of the C1 and C18 ligands to the retention. As listed inTable 1,
the value ofC for the C1-silica gel (#6) is 4.1 wt.%.

The open symbols inFig. 2represent the contributionsKcal
C18

as a function of the density of the C18 ligand (σC18). The super-
script (cal) stands for calculated values. The values ofKcal

C18
are

d exp g
t
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s
a t
a
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C6, C8, and C18) and ligand densities (0–4.1�mol m−2) with
no end-capping treatment. They correlatedκ′ of dimethylani-
line and benzoic acid butyl ester for each stationary phase with
the alkyl ligand density. As expected, almost linear correlations
were observed betweenKC1 andσC1. On the other hand, the
curved profiles observed betweenKC18 andσC18 became nearly
linear correlations at lowσC18. Second, the contribution of the C1
ligand (KC1) to K is smaller than that of the C18 ligand (KC18),
except for the C18-silica gel #1. It seems that the calculation error
originating from the assumption of a linear correlation between
KC1 andσC1 is smaller than that betweenKC18 andσC18.

As described above,Fig. 2 also shows linear correlations
betweenKcal

C18
andσC18 at low C18 ligand densities.

KC18 = α′σC18 + β′ (4)

whereα′ andβ′ are numerical coefficients. The solid lines are
calculated from the plots for the three C18-silica gels of lowσC18

(#1–#3) because it is expected that theKcal
C18

values for these three
stationary phases account more accurately for the contribution of
a single C18 ligand toKC18 under the conditions that one sample
molecule interacts with one C18 alkyl ligand. The manner of
the steric interactions between the sample molecules and the
C18 chains depends on the density of the C18 ligands. When
σC18 is large enough, it is probable that the sample molecules
penetrate into the layer of bonded C18 ligands[27,28]. However,
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erived according to Eqs.(2) and (3)from K measured usin
he four C18-silica gel columns (#1–#4),Kexp

TMS, andCC1. There
re two reasons to assume thatKC1 is linearly correlated wit
C1 (hence,CC1) in the above calculation. First, the molecu
ize of the sample compounds is larger than that of the C1 lig-
nd but smaller than that of the C18 ligand. It is predicted tha
linear correlation is observed betweenKC1 andσC1, and, in

ontrast, a more curved one betweenKC18 andσC18. In an earlie
aper[5], Unger et al. prepared many silica gel packing ma
ls bonded with alkyl ligands of different chain lengths (C1, C4,
e

t would be much harder for sample molecules to make co
ith several C18 ligands on the C18-silica gels of lowσC18.
In Fig. 2, the dashed lines are extrapolation of the corresp

ng solid lines. The values ofKcal
C18

on the C18-silica gel #4 seem

o lay on the dashed lines while theKcal
C18

values for the C18-
ilica gel #5 are lower than predicted by the dashed lines
stimated average distance between two C18 ligands is compa
able to the molecular size of the sample compounds on
18-silica gels #4 and #5, as listed inTable 1whereas the dis

ance calculated for the C18-silica gel #1 is several times larg
han the size of the sample molecules. Although the estim
f the average distance between two C18 ligands on the C18-
ilica gels #4 and #5 are comparable to the molecular size
ample compounds, the structural flexibility of the C18 chains
ay allow interactions of the sample molecules with severa18

igands. If multiple interactions actually take place, the va
f Kcal

C18
for the C18-silica gels #4 and #5 would be larger th

redicted by the dashed lines inFig. 2, a prediction inconsiste
ith the data inFig. 2.
On the other hand,Kcal

C18
increases almost linearly wi

ncreasing C18 chain density at lowσC18. The results inFig. 2
mply that interactions of one sample molecule with severa18
igands are impossible and that all C18 ligands do not necessar
ontribute to the retention behavior of the sample molecule,
t high values ofσC18. This suggests also that sample molecu
t least those as small as the benzene derivatives used
tudy, interact probably with only one C18 ligand at lowσC18.
n addition, the solid and the dashed straight lines tend to
lose to the origin. In Eq.(4), the intercept (β′) should be equa
o zero because the retention of the sample molecules on th18
igands originates from hydrophobic interactions. No hydrop
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Fig. 3. Logarithm ofα′ as a function ofAs of the sample molecules.

bic interaction takes place when there is no C18 ligand on the
stationary phase surface.

Fig. 3shows a plot of logα′ versus the hydrophobic surface
area of the sample molecules (As), a measure of the molecu-
lar size calculated as the sum of the surface area incremen
for each group of the molecule[34]. The relationship is linear.
The ratio of theα′ values for two compounds represents the dif-
ference in their retention strength, for instanceK, on the C18
ligands under the condition that one sample molecule interact
with a single C18 ligand. The slope of the straight line inFig. 3
is 3.7× 10−6 m3 mol-C18-ligand g−1 mol−1 sample molecule.
This means that the retention strength of the alkylbenzene deriva
tives increases by a factor of about 1.7 for the addition of one
methylene unit to the sample molecule.

The solvophobic theory[18,35,36]assumes that the retention
of sample molecules on alkyl ligands in RPLC results from the
decrease in the contact area between the polar mobile phase s
vent and the hydrophobic surfaces of both the sample molecul
and the alkyl ligand that takes place upon adsorption of a sampl
molecule. The reduction of the hydrophobic surface area (�A)
is assumed to be a fraction ofAs. As the result of adequate mod-
ifications, the difference in logK two homologous compounds,
i and j, is represented as follows[18,35].

ln Ki − ln Kj = NAγα(As,i − As,j )

RT
(5)

w e
m -
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o ce in
R as
a
g

lar values ofα were also reported for the RPLC system made
of a C18-silica gel and an aqueous buffer as the mobile phase
(α = 0.35) [35] and for the system of an activated carbon and
water (α = 0.2–0.3)[36]. Eq.(5) indicates that the increment in
logK due to the addition of one methylene unit to the sample
molecule is about 1.7 under the RPLC conditions of this study,
if we assumeα = 0.35. This value agrees well with that derived
fromFig. 3. The results inFigs. 2 and 3suggest that the retention
behavior on the C18-silica gels with different densities of C18
and C1 ligands is well accounted for by adding the contributions
of the two alkyl ligands.

Enthalpy–entropy compensation of retention equilibrium.
The goal of this study is to characterize more clearly, from the
thermodynamic and the extrathermodynamic viewpoints, reten-
tion equilibria in RPLC. This work is done using a series of
silica gels bonded with C18 and C1 ligands, with different chain
densities, i.e., a series of fully end-capped C18-silicas with vari-
able density of the alkyl chain.Fig. 1 shows that the carbon
content of the adsorbent is a primary parameter, which roughly
represents the amount of alkyl ligands bonded to the surface of
the base silica gel. However, this parameter depends on both the
density and the length of the alkyl ligands. Additionally, the lig-
and density of a given packing material depends on the length
of the main alkyl chains, even if we use the same base silica gel
to prepare it. So, the retention data on silica gels bonded with
different amounts of different alkyl ligands cannot be directly
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hereNA is the Avogadro number,� the surface tension of th
obile phase solvent,α the ratio of�A to As, R the gas con

tant, andT the absolute temperature. The value ofα depends o
ome chromatographic conditions such as the type and co
ition of the organic modifier in the mobile phase and the le
f the alkyl ligands bonded to the stationary phase surfa
PLC [18]. For instance, the value ofα has been reported
bout 0.30–0.35 for the RPLC system made of the C18-silica
el #5 and a methanol/water mixture (70/30, v/v)[18]. Simi-
ts

s

-
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e
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ompared. The experimental data should be analyzed bas
he retention equilibrium parameter normalized by the lig
ensity. As indicated inFigs. 2 and 3, the retention behavio
n the C18-silica gels having different densities of C18 and C1

igands is explained by assuming that the contributions o
18 and C1 ligands to retention are additive and that each

ribution is proportional to the density (σ) of the correspondin
lkyl ligand. We introduce a hypothetical value of the re

ion equilibrium constant (κ), which would be measured
sing silica gel particles chemically modified with an alkyl
nd of unit density. The value ofκ is calculated as the rat
f K to σ. We analyzed the experimental values ofκ, rather

hanK.
The temperature dependence ofκ was analyzed according

he following equation

n κ = −�H

RT
+ �S

R
(6)

here�H and�S are the enthalpy and the entropy change
he retention, respectively. The conventional procedure co
n (1) calculating�H and�S from the slope and the interce
f the linear plot of lnκ versus 1/T; (2) confirming a linear co
elation between�H and �S and assuming the existence
n EEC; and (3) derivingTc from the slope of the linear co
elation between�H and �S. However, Krug et al.[21–23]
riticized this procedure harshly, claiming that (1) a linear
elation can be observed between�H and�S even when n
rue EEC takes place; (2) this apparent EEC originates
ompensation between errors made in the determination
wo thermodynamic parameters based on the linear regre
f the van’t Hoff plot; and (3) in the case of a merely app
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Fig. 4. Plot of�HΦ against�GΦ
Thm

.

ent EEC, the slope and the correlation coefficient of the linear
correlation between�H and�S are respectively equal to the har-
monic mean temperature (Thm) and close to unity. They proposed
four different methods to ascertain whether the linear correlation
between�H and�S is based on substantial physico-chemical
effects or results merely from a statistical compensation due
to experimental errors[21–23]. We checked our experimen-
tal retention data using all four tests proposed by Krug et al.
to verify that there is a true EEC effect. In the following, we
describe only the results of these tests. Detailed information
about the Krug’s four approaches can be found in other literature
[21–23].

3.1. Plot of �HΦ versus�GΦ
Thm

Krug et al. recommended that lnκ be plotted against
{1/T − 〈1/T〉}, rather than 1/T, to obtain more accurate values
of related thermodynamic parameters, i.e.,�HΦ and the Gibbs
free energy change due to the sample retention atThm(�GΦ

Thm
)

The brackets (〈〉) and superscriptΦ denote an average value and
the thermodynamic parameters derived from the plot betwee
ln κ and{1/T − 〈1/T〉}, respecitvely. Krug et al. claimed that a
linear correlation should be observed between�HΦ and�GΦ

Thm
when a real EEC takes place.Fig. 4 shows a linear correla-
tion between�HΦ and�GΦ

Thm
. The compensation temperatures

( Φ ln
a on
C ame
o ntion
e

3

t
f

Table 2
Compensation temperatures of the retention equilibrium

TΦ
c (K)a TΦ

c (K)b Confidence level
(1− αs)×100%

Minimum Maximum

C1 ligand 1.1× 103 5.0× 102 1.7× 103 >80
C18 ligand 9.3× 102 5.4× 102 1.3× 103 >99

a TΦ
c calculated from the slope of the linear correlation between�HΦ and

�GΦ
Thm

in Fig. 4.
b Range ofTΦ

c at (1− αs) × 100% confidence level calculated by the estima-
tion method proposed by Krug et al.[21].

rejected when substantial compensation effects take place[21].
Table 2lists the calculated values ofTΦ

c (minimum) andTΦ
c

(maximum). The hypothesis can be rejected for the retention
equilibrium in RPLC, although the confidence level for the C1
ligand is rather low.

3.3. Convergence of the van’t Hoff plots at TΦ
c

Fig. 5a and b shows the van’t Hoff plot ofκC1 andκ0
C18

, respec-
tively. The value ofκC1 is the ratio ofKC1 calculated by Eq.(3)
toσC1. Similarly,κC18 is calculated by dividingKC18byσC18. As
shown inFig. 2, however,κC18 decreases with increasingσC18.
We used the value ofκ0

C18
at low σC18 becauseκ0

C18
is indepen-

dent ofσC18 and because, as indicated earlier, a sample molecule
interacts with only one C18 ligand in the lowσC18 range. The
superscript 0 refers to the slope of the linear regression of the
plots for the C18-silica gels #1–#3 inFig. 2. Consequently,κ0

C18

is equal toα′ as indicated in Eq.(4). The linear van’t Hoff plots
properly intersect in a small region of the plane, suggesting that
almost the same values ofκ would be observed around the inter-
section point, irrespective of the compound used. Additionally,
the Tc values estimated from the intersection point inFig. 5a
and b are properly close to those ofTΦ

c estimated from the
slope of the linear correlations between�HΦ and �GΦ

Thm
in

Fig. 4.

3

on
o at
f rived
b
a n of
t
u value
f i-
t
M e
F e
C e.
T ared
t d, the
r uals
(
F

Tc ) are derived from the slope of the linear plots betweenκ
nd{1/T − 〈1/T〉} as 930 and 1140 K for the sample retention
18 and C1 ligands, respectively. These values are of the s
rder of magnitude as those previously reported for rete
quilibria in RPLC systems[10,11,17–20].

.2. Comparison of TΦ
c with Thm (hypothesis test)

Krug et al. claimed thatTΦ
c should be significantly differen

rom Thm (=298 K) and that the null hypothesis,TΦ
c = Thm, is
n

.4. Probability for the intersection of the van’t Hoff plots

According to theF-test, the probability for the intersecti
f the van’t Hoff plots inFig. 5a and b was compared with th

or a nonintersection, on the basis of the statistical data de
y an analysis of variance (ANOVA) procedure[23]. The prob-
bility for nonintersection was also compared to the precisio

he experimental data in the same manner.Table 3lists the val-
es of the mean sum of squares (MS) calculated. The MS

or the intersection (MScon) is more than two orders of magn
ude larger than that for nonintersection (MSnoncon). The ratio
Scon/MSnonconfor the C1 ligand is sufficiently larger than th
-value,F(1, 1, 1− αs = 0.95) = 161. Although the ratio for th
18 ligand is slightly smaller than theF-value, they are clos
his shows that the probability for intersection is high comp

o that for nonintersection in both cases. On the other han
atio of MSnoncon to the mean sum of squares of the resid
MSε) is sufficiently smaller than the correspondingF-value,
(1, 2, 1− αs = 0.95) = 18.5, although the values of MSnoncon
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Fig. 5. Temperature dependence of (a)κC1 and (b)κ0
C18

.

and MSε are of the same order of magnitude. The negative value
of MSε in the case of the C1 ligand is probably unreasonable.
However, it seems to arise from calculation errors, which sug-
gests that the variation due to measurement errors is quite small.
In conclusion, the variation due to nonconcurrence is not greater
than that due to the measurement errors at the 100αs% level of
significance.

On the basis of the results described above, we can state that
a true EEC takes place for retention equilibria, originating from
substantial physico-chemical effects. The retention mechanism
seems to be similar, irrespective of the sample compound in
RPLC systems using either the C1 or the C18 alkyl chain bonded
silica gel.

Linear free energy relationships of retention equilibrium. Lin-
ear free energy relationships (LFER) as well as EEC are used
to study the mechanisms of equilibria or kinetic processes. In
RPLC, LFER correlations are also observed between differ-
ent retention equilibria and/or mass transfer kinetics. The free
energy change (�G) associated with a retention equilibrium is
linearly correlated with that under different RPLC conditions
and even with a related kinetic process, e.g., surface diffusion
[18,33].

3.5. Influence of the change in RPLC conditions on the
retention equilibrium

c
a 98 K
( n
v rrela-
t ults
a

are
p in
l s and
t FER
t erent
R

Table 3
ANOVA table of the retention equilibrium on the different alkyl ligands

Source of variation DFa SSb MSc C1 lig

DFa

Total pq − 1 SST MST 8
Rows (samples) p − 1 SSR MSR 2
Columns (temperatures) q − 1 SSC MSC 2
Interactions (p − 1)(q − 1) SSRC MSRC 4

Slope p − 1 SSS MSS 2
Concurrence 1 SScon MScon 1
Nonconcurrence p − 2 SSnoncon MSnoncon 1

Residuals (p − 1)(q − 2) SSε MS� 2

a DF is the degree of freedom.
b SS is the sum of squares.
c MS is the mean sum of squares, MS= SS/DF, for each source of variation.
d p is the number of the sample compounds.
e q is the number of experimental temperatures.
Fig. 6a shows the temperature dependence ofκC1. Only the
olumn temperature was changed. The values ofκC1 at 288
nd 308 K (symbols) are linearly correlated with those at 2
straight line), suggesting the presence of a LFER betweeκC1

alues at the two temperatures. The slope of the linear co
ion at 288 K is slightly larger than that at 308 K. Similar res
re observed for the temperature dependence ofκ0

C18
in Fig. 6b.

In Fig. 7, the values ofκC1 at the same three temperatures
lotted against that ofκ0

C18
at 298 K. In this case, both the cha

ength of the alkyl ligands bonded onto the stationary phase
he temperature were simultaneously changed. Again, a L
akes place between the retention equilibria under the diff
PLC conditions.

and (p = 3d, q = 3e) C18 ligandp = 3d, q = 3e)

SSb MSc DFa SSb MSc

2.4 3.0×10−1 8 7.1 8.8× 10−1

2.3 1.1×10−1 2 6.9 3.4
1.2× 10−1 6.0×10−2 2 2.0×10−1 9.9× 10−2

3.1×10−3 7.7×10−4 4 1.2×10−2 2.9× 10−3

3.2×10−3 1.6×10−3 2 1.2×10−2 5.8× 10−3

3.1×10−3 3.1×10−3 1 1.1×10−2 1.1× 10−2

1.2×10−5 1.2×10−5 1 9.6×10−5 9.6× 10−5

−9.1×10−5 −4.6×10−5 2 1.2×10−4 6.1× 10−5
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Fig. 6. Correlation between (a)κC1 and (b)κ0
C18

values at different temperature
conditions.

3.6. A model for explaining the change of the retention
behavior

As shown inFigs. 6 and 7, the retention behavior in RPLC
depends on some experimental parameters. In the following, a
model based on an EEC and a LFER was developed by assum
ing that the�G value of the retention equilibrium consists of
the sums of incremental contributions due to the structural ele
ments of molecules. The retention behavior in RPLC and its
thermodynamic properties were studied from the viewpoints
of the molecular structural contributions by analyzing the two
extrathermodynamic correlations. This model provides a com
prehensive explanation of the variation ofK due to changes in
the RPLC conditions.

Fig. 7. Correlation betweenκC1 andκ0
C18

values at different temperature condi-
tions.

The free energy change of retention (�GΦ) is related toκ as
follows:

�GΦREF

T1
= −RT1 ln κREF

T1
(7)

�GΦSMP

T2
= −RT2 ln κSMP

T2
(8)

whereT1 and T2 stand for the column temperatures and the
superscripts REF and SMP denote the reference and the sample
systems, respectively. The value of logκSMP

T2
is linearly corre-

lated with logκREF
T1

, as illustrated inFigs. 6 and 7, suggesting a
LFER of the retention equilibrium between the corresponding
RPLC systems.

ln κSMP
T2

= A ln κREF
T1

+ B (9)

Substituting Eqs.(7) and (8)into Eq.(9) gives

�GΦSMP

T2
= A

(
T2

T1

)
�GΦREF

T1
− RT2B (10)

Eq. (10) formulates the LFER of retention behavior between
different RPLC conditions.

On the other hand,�GΦ consists of the contributions of an
enthalpy (�HΦ) and an entropy change (�SΦ), according to the
Gibbs–Helmholtz relation.

�GΦ = �HΦ − T�SΦ (11)

ic
i olec-
u

�

w The
v
a es
-

-

-

It is assumed that�GΦ of a molecule involved in hydrophob
nteractions is correlated with a parameter describing a m
lar property (Xm) [25,37].

GΦ = agXm + bg (12)

hereag andbg are molecular thermodynamic parameters.
alue ofag is �GΦ per unit value of the molecular propertyXm
nd that ofbg is �GΦ at Xm = 0. Various molecular properti
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Fig. 8. Correlations between (a)�GΦ
Thm

andNm, (b) �HΦ andNm, and (c)�SΦ andNm.

can be taken forXm, for instance, the surface area of the non-
polar part of the molecule or the number of recurring structural
elements. In this study, we used alkylbenzene derivatives as the
sample compounds. The number of methylene group (Nm) in
the alkyl chain of the molecules was used asXm. Fig. 8a shows
the linear correlations of�GΦ atThm (298 K) withNm for both
the C1- and C18-silica gels. The results inFig. 8a demonstrate
the validity of Eq.(12).

It is expected that�HΦ and�SΦ are similarly represented
using the corresponding molecular thermodynamic parameters
(ah, bh, as, andbs) as follows[25,37].

�HΦ = ahXm + bh (13)

�SΦ = asXm + bs (14)

Fig. 8b shows the plots of�HΦ againstNm. Linear cor-
relations are observed between�HΦ and Nm. Fig. 8c sim-
ilarly shows �SΦ as a function ofNm. Again, �SΦ is lin-
early correlated withNm. The results inFig. 8b and c sug-
gests the validity of Eqs.(13) and (14). Table 4 lists the
resulting values of the slope (a) and the intercept (b). Using
the slopes of the straight lines between�HΦ and Nm(ah)
and between�SΦ and Nm(as), TΦ

c can be calculated as
[25].

TΦ
c = ah

as
(15)

Table 4also lists the ratios ofah toas, in fairly good agreement
with those ofTΦ

c in Table 2.
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Table 4
Molecular thermodynamic parameters

�HΦ vs.Nm �SΦ vs.Nm TΦ
c (=ah/as) (K)

ah (kJ mol−1) bh (kJ mol−1) as (kJ mol−1 K−1) bs (kJ mol−1 K−1)

C1 ligand −1.0 −6.3 −9.1× 10−4 −3.7× 10−2 1.1× 103

C18 ligand −1.8 −6.0 −2.0× 10−3 −2.1× 10−2 9.3× 102

Differentiation of both sides of Eq.(10) with respect ofNm
gives

∂�GΦSMP

T2

∂Nm
= A

(
T2

T1

)
∂�GΦREF

T1

∂Nm
(16)

The following equation is derived from a combination of Eqs.
(11), (13), and(14).

�GΦ = �HΦ − T�SΦ = (ahNm + bh) − T (asNm + bs)

(17)

Substituting Eqs.(17) and (16)and rearranging gives

A = aSMP
s T1(TΦSMP

c − T2)

aREF
s T2(TΦREF

c − T1)
(18)

whereaREF
s andaSMP

s are the increments of�SΦ correspond-
ing to the addition of one methylene unit to the alkyl chain of
the sample molecule, in the reference and the sample systems,
respectively. Eq.(18) shows thatA depends on the temperature
and that this temperature dependence is correlated withT1, T2,
TΦREF

c , andTΦSMP

c .
On the other hand, substituting Eqs.(17)–(10) givesB (Eq.

(9)), as follows.

B = 1
[
A

(
T2

)
(bREF − T1b

REF) − (bSMP − T2b
SMP)

]

E and
t r-
m
c re
(

3
E

y
t ns.
W
b

A

B

s.
( r-

imental data points lay close to the corresponding straight lines,
demonstrating the validity of the model developed for explaining
the temperature dependence ofκ (hence ofK).

When the temperature is constant, Eqs.(18)and(19)become

A = aSMP
s (TΦSMP

c − T )

aREF
s (TΦREF

c − T )
(22)

B = 1

RT
[A(bREF

h − TbREF
s ) − (bSMP

h − TbSMP
s )] (23)

The solid line inFig. 7 was calculated with Eqs.(22) and
(23), at constant temperature (298 K). The two dashed lines in
Fig. 7were similarly calculated with Eqs.(18)and(19)because,
in that case, both the type of alkyl ligand (C1 or C18) and the
temperature were simultaneously changed. Again, all the exper-
imental data properly overlay the corresponding straight lines.
The results inFigs. 6 and 7demonstrate that Eqs.(18)and(19)
are useful to analyze the variation of the retention equilibrium
(i.e.,κ andK) due to changes of the RPLC experimental condi-
tions on the basis of the EEC and of molecular thermodynamic
contributions.

3.8. Estimation of the value of K

The results described above suggest that it should be possi-
ble to estimate the value ofκ, henceK, under various RPLC
c f
I -
p 88
a with
C ater
(
h
a ivity
o n
c ane-
o f the
b nd
t
t ferent
t K
u e-
t res
(
h f the
e
a ls
( f the
t n of
RT2 T1
h s h s

(19)

qs. (18) and (19)shows the dependence of the slope
he intercept of the LFER in Eq.(10) on the molecular the
odynamic parameters (a and b) in Eqs. (13) and (14), the

ompensation temperatures (TΦ
c ), and experimental temperatu

T).

.7. Interpretation of the variations of κ on the basis of the
EC

It is expected that Eqs.(18) and(19) can explain effectivel
he variation ofκ arising from changes in the RPLC conditio

hen only the temperature is changed, Eqs.(18)and(19)should
e modified as follows.

= T1(TΦ
c − T2)

T2(TΦ
c − T1)

(20)

= 1

RT2

[
A

(
T2

T1

)
(bh − T1bs) − (bh − T2bs)

]
(21)

The dashed lines inFigs. 6a and b were calculated with Eq
20)and(21), takingT1 = 298 andT2 = 288 or 308 K. The expe
onditions, from a limited number of experimental data oK.
n the following, we calculateK for the three sample com
ounds (ethyl-,n-butyl-, and n-hexyl-benzene) between 2
nd 308 K, on the RPLC packing materials #1–#6 bonded
18 and C1 ligands at different densities, with a methanol/w

70/30, v/v) solution, from only one experimental datum,K of n-
exylbenzene at 298 K on the C18-silica gel #5, using Eqs.(18)
nd (19)based on the EEC and LFER, assuming the addit
f the contributions of the C18 and the C1 ligands to the retentio
onstant. In this problem, four RPLC conditions are simult
usly changed, the sample compound, the composition o
onded layer (C1 and C18), the density of the alkyl ligands, a

he column temperature. First, the values ofκC1 and κC18 of
he three sample compounds are calculated at the three dif
emperatures from the value ofκC18 for n-hexylbenzene at 298
sing Eqs.(18)and(19), the molecular thermodynamic param

ersa andb listed inTable 4, and the compensation temperatu
TΦ

c ) listed inTables 2 and 4. The primary value ofκC18 of n-
exylbenzene at 298 K was simply calculated as the ratio o
xperimental value ofK on the C18-silica gel #5 to its C18 lig-
nd density (σC18). Then, the values ofK on the other silica ge
#1–#6) were calculated as the sums of the contributions o
wo alkyl ligands to the retention constant. The multiplicatio
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Fig. 9. Comparison ofKexp with Kcal estimated from only one experimental
datum ofK of n-hexylbenzene on the C18-silica gel #5 at 298 K.

κC18 by σC18 gives the contribution of the C18 ligand bonded on
the stationary phase surface to the sample retention. The contri-
bution of the C1 ligand was calculated in the same way. Finally,
the contributions of the two alkyl ligands were added to derive
theK values.

Fig. 9comparesK so calculated (Kcal) with the experimental
data (Kexp). The arrow inFig. 9 indicates the original datum of
K experimentally measured, from which all the values ofKcal

in Fig. 9 were estimated under the different RPLC conditions.
All the data points lay on or scatter around the diagonal line
having the slope unity, proving the validity of our model of
retention equilibrium based on the EEC and the assumption that
the contributions of the C1 and the C18 ligands to the sample
retention are additive and that the contributions of the two alkyl
ligands are calculated as the product ofκ andσ. We calculated
the mean square deviation (MSD) according to the following
equation (Eq.(24)).

MSD =

(

1

N

) ∑ [
Kcal − Kexp

Kexp

]2



1/2

(24)

whereN is the number of data pairs of (Kexp and Kcal). The
value of MSD was calculated as 0.11 for the results inFig. 9.
Our model (Eqs.(18)and(19)) provides a comprehensive expla-
nation of the intrinsic characteristics of the retention equilibrium
i her-
m

( not

e ine
i
s
i we
r al-

Fig. 10. Comparison ofKexp with Kcal estimated fromα′ (= κ0
C18

) of n-
hexylbenzene at 298 K.

ues ofα′ (=κ0
C18

) in Fig. 3asκC18. The new values ofκC1 for the

sample compounds were calculated as the ratio ofK
exp
TMS at each

temperature toσC1. Then,Kcal was derived in the same manner
as described above. The values ofKcal are compared withKexp

in Fig. 10. Again, all the data points scatter around the diagonal
line. The value of MSD forFig. 10was similarly calculated as
0.13, which is almost the same as that forFig. 9. TheKcal val-
ues inFig. 10are slightly larger compared to the corresponding
ones inFig. 9. This difference comes probably from the differ-
ence between theα′ values (Eq.(4)) used for calculatingKcal in
Figs. 9 and 10. For Fig. 9, theα′ values under different RPLC
conditions were estimated from only one source, the value of
κC18 of n-hexyl-benzene at 298 K, by applying the new EEC
model for retention (Eqs.(18) and (19)) with the related param-
eters (a, b, andTΦ

c ) listed inTables 2 and 4. The originalκC18
value was the ratio ofKexp at 298 K toσC18 of the C18-silica
gel #5. On the other hand,κ0

C18
was used asα′ in the case of

Fig. 10. As shown inFig. 2, the value ofK0
C18

is larger than the
ratio of Kexp to σC18 (C18-silica gel #5) for each sample com-
pound. Ultimately, yet, the results inFigs. 9 and 10prove the
validity of our model of the retention equilibrium based on the
EEC.

4. Conclusion

ER,
r de of
s
a the
C the
c ct of
a
w m is
t fects.
n RPLC from the viewpoints of thermodynamics and extrat
odynamics.
However, the results inFig. 2 suggests that theκC18 value

= Kexp
(#5)

/σC18) used in the calculations described above is

qual toκ0
C18

, which is calculated from the slope of the linear l
n the range of smallσC18 values inFig. 2. The value ofκC18

hould be smaller thanκ0
C18. As a result, many values ofKcal

n Fig. 9 are slightly below the diagonal line. Accordingly,
ecalculated the same set ofKcal values but used instead the v
Two extrathermodynamic relationships, i.e., EEC and LF
elate the retention equilibrium data in RPLC systems ma
ilica gels bonded with mixtures of C1 and C18 alkyl ligands
t different densities. Assuming that the contributions of
1 and the C18 ligands to retention are additive and that
ontribution of each ligands can be calculated as the produ
normalized adsorption constant,κ, and the ligand density,σ,
e demonstrated first that the EEC of the retention equilibriu

rue and that it is based on substantial physico-chemical ef
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This is the result of the analysis of the modified van’t Hoff plot
and of the four tests proposed by Krug et al. The values ofTΦ

c
were estimated at about 1.1× 103 K and 9.3× 102 K for the C1
and C18 ligands, respectively.

Then, a new model based on the EEC so demonstrated was
derived to explain the LFER of the retention equilibrium under
different RPLC conditions. The values of the changes in free
energy,�GΦ

Thm
, enthalpy,�HΦ, and entropy,�SΦ are linearly

correlated with the numbers of methylene groups,Nm. The ratio
of the slopesah to as was found to be close to the compensation
temperature,TΦ

c , calculated from the slope of the linear correla-
tion between�HΦ and�GΦ

Thm
. The slope (A) and the intercept

(B) of the LFER between the values ofκ under different RPLC
conditions are accounted for byTΦ

c , a, andb.
Finally, the model allows an accurate prediction of theK val-

ues under different RPLC conditions from only one experimental
datum with the MSD of 0.11, regardless of the simultaneous
change of four RPLC conditions, i.e., the sample compound,
the composition of the bonded layer (C1 and C18), the density of
the alkyl ligands, and the column temperature. This new model
(Eqs.(18) and (19)) provides a comprehensive explanation of
the intrinsic characteristics of the retention equilibrium in RPLC
from the viewpoints of thermodynamics and extrathermodynam-
ics.

5. Nomenclature

a dy-

A
A und

� am-

b dy-

B
C
�

�

κ

K
L
M
M
N
N
N
R
�

S
T
T
T
u
X

Greek letters
α ratio of�A to As in Eq.(5)
αs statistical level of significance
αsep separation factor
α′ coefficient in Eq.(4) (cm3 g−1 m2 �mol−1)
β′ coefficient in Eq.(4) (cm3 g−1)
εe void fraction of the column
εp porosity of the stationary phase particle
κ K value normalized byσ (cm3 g−1)
µ1 first absolute moment (s)
ρp particle density (g cm−3)
σ alkyl ligand density (�mol m−2)

Superscripts
cal calculated
exp experimental
REF reference
SMP sample
0 equilibrium parameter determined from the experimen-

tal retention data in the range of lowσC18

Φ thermodynamic parameters measured by analyzing
temperature dependence ofκ

Subscripts
con concurrence
C
C
g
h
i
j
n
O

s
T
T

T
T
ε

1
2

R

iquid

9.

gr.

k, J.
slope of the linear correlation between a thermo
namic property andXm
slope of LFER (Eq.(9))

s hydrophobic surface area of the sample compo
(cm2 mol−1)

A reduction of total hydrophobic surface area due to s
ple retention (cm2 mol−1)
intercept of the linear correlation between a thermo
namic property andXm
intercept of LFER (Eq.(9))
carbon content of the packing materials (wt.%)

G free energy change (kJ mol−1)
H enthalpy change (kJ mol−1)

′ retention factor
retention equilibrium constant (cm3 g−1)
column length (mm)

S mean sum of squares
SD mean square deviation

number of data pairs of (Kexp andKcal)
A Avogadro number (mol−1)
m number of methylene group

gas constant (J mol−1 K−1)
S entropy change (kJ mol−1 K−1)
S sum of squares

absolute temperature (K)
c compensation temperature (K)
hm harmonic mean of experimental temperatures (K)
0 superficial velocity (cm s−1)
m property of molecule
1 contribution of C1 ligand
18 contribution of C18 ligand

free energy change
enthalpy change
ith component
jth component

oncon nonconcurrence
DS experimental data measured using the C18-silica gel

column
entropy change

hm at harmonic mean of experimental temperatures
MS experimental data measured using the C1-silica gel col-

umn
1 at temperature condition 1
2 at temperature condition 2

measurement errors
condition 1
condition 2
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