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ABSTRACT

In this work, we investigated the intermolecular interaction between the

stationary phases and solutes and retention behavior in liquid chromato-

graphy by thermodynamic analysis. The intermolecular interactions

between four stationary phases chemically bonded with octadecyl

(ODS), phenyl (Ph), pyrenyl (PYE), and b-cyclodextin bromide (b-CD),

and 53 solutes including 27 compounds of p-substituted alkylbenzenes

(PSABs), 14 compounds of polyaromatic hydrocarbons (PAHs), and 26

compounds of substituted benzenes were examined by using both

methanol–water and acetonitrile–water as mobile phases. It has been

observed that there are obvious differences in p–p intermolecular
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interactions among the stationary phases of ODS, Ph, and PYE by

plotting ln k0 with enthalpies (DH). Based on the thermodynamic analysis

on the interaction between b-CD column and solutes, it was known that

the solutes having similar molecular lengths with b-CD resulted in large

enthalpy changes in the host–guest interaction. Besides, both hydrophobic

and host–guest interactions make contributions to the retention of solutes

on the b-CD stationary phase; and the structures of solutes have critical

influence on the retention. Further, from the thermodynamic point of

view, the retention mechanisms such as partitioning or adsorption in

liquid chromatography have been discussed.

Key Words: Liquid chromatography; Intermolecular interaction;

Thermodynamics; Retention behavior; Enthalpy; Entropy.

INTRODUCTION

Since invented by Tswett in the early 1900s, chromatographic science has

had about one century’s history. The separation modes were notably developed

from classical column chromatography in about 1930s, to paper chromato-

graphy in 1940s, gas chromatography (GC), and thin layer chromatography

(TLC) in 1950s, high performance liquid chromatography (HPLC) in 1960s,

supercritical fluid chromatography (SFC) in 1980s, capillary electrophoresis

(CE), and electrochromatography (CEC) in 1990s.[1] In recent decades,

chromatographic scientists paid attention to the miniaturization of chromato-

graphic techniques. For examples, CE, CEC, and capillary- or chip-based

micro- or nano-LC have become the most fascinating research fields in the

chromatographic sciences. Despite their promise of better resolving power

and more sensitive detection for some samples, the future impact of CE and

CEC is as yet uncertain.[1] Because of its advantages such as excellent

reproducibility and convenient separation and analysis of almost any samples,

HPLC is a key technology widely used for separating and analyzing complex

mixtures now.

On the other hand, in addition to being useful for analytical separation,

chromatography can be used as a tool to study itself, for example, the retention

mechanism. It is on the basis of the intermolecular interaction among the

solutes, stationary phases, and mobile phases that the solute mixtures can

be separated. Quantitative and qualitative analysis can be achieved by the

chromatograms obtained. Meanwhile, as the chromatograms contain a signi-

ficant amount of quantitative and qualitative information of intermolecular

interaction, HPLC has also used as a measurement tool of physicochemical

interactions. In the nearly five decades since the advent of LC, a broad

2810 Chen et al.
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scope of physicochemical measurements has been realized, including the

determination of binding constants, partition coefficient, and diffusional

parameters, as well as interaction and reaction kinetics.[2] In fact, not only

LC but also other separation techniques like CE, CEC can be used as

measurement tools.

van’t Hoff analysis has been used to probe the thermodynamics of the

partitioning process and to investigate possible phase transitions of the

bonded, aligned alkyl chains. Cole et al.[3,4] reported that van’t Hoff analysis

was used to show that hydrophobicity is not the driving force for retention

with most mixed aqueous-organic mobile phase. They also showed that the

change in entropy during the transfer process increases with increasing chain

density of the bonded alkyl groups. Wheeler et al.[5] reviewed that van’t Hoff

plots have been used to investigate the possibility of phase transition in the

aligned alkyl chain stationary phases, including pertinent theory relating to

these phenomena. Yamamoto et al.[6] studied the thermodynamic retention

behavior on various C18 columns different in their hydrophobicity. Jackson

et al.[7] studied the intermolecular interactions involved in solute retention on

carbon media in reversed-phase HPLC.

In recent years, in addition to studying new systems of molecular

recognition and monolithic column technology for CEC[8] and micro-LC,[9]

one of our studies was to study the new measurement methods of physico-

chemical constants by separation techniques like CE and LC. Recently, we

reported the estimations of the critical micelle concentration (CMC) of

anionic surfactants[10] and the formation constant of Cu(II) complexes with

mixed amino acid enantiomers by ligand exchange CE.[11] We studied the

interaction between 18-crown-6-tetracarboxylic acid and the positional enan-

tiomers by CE.[12] In the present work, our goals were focused on investigat-

ing the intermolecular interaction and obtaining some thermodynamic

information of retention mechanism by using HPLC as a tool of thermo-

dynamic measurement. Another purpose of this work was to provide a

database (Tables 1–4) of thermodynamic data in LC for chromatographic

researchers to do other thermodynamic analysis and chromatographic study.

The intermolecular interactions between four stationary phases chemically

bonded with octadecyl (ODS), phenyl (Ph), pyrenyl (PYE), and b-cyclodextin

bromide (b-CD), and 53 solutes including 27 compounds of p-substituted

alkylbenzenes (PSABs), 14 compounds of polyaromatic hydrocarbons (PAHs),

and 26 compounds of substituted benzenes were examined by using both

methanol–water and acetonitrile–water as mobile phases. The chemical

structures of stationary phases and solutes are shown in Figs. 1 and 2.

Based on a large number of thermodynamic data measured, the intermolecular

interaction between stationary phases and solutes and retention mechanism

were discussed.
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EXPERIMENTAL

Chemicals

p-Substituted benzenes, PAHs, and substituted benzenes were purchased

from Kanto Chemicals and Tokyo Kasei Chemicals, Japan. HPLC-grade

methanol and acetonitrile obtained from Nacalai tesque (Kyoto, Japan) were

used. Purified water (18.2 MO) was used.

Table 4. Enthalpies (DH�) and entropies (DS�) of PAHs and other solutes on
YMC CHIRAL b-CD BR (b-CD) column.

CH3OH : H2O¼ 40 : 60

Solutes DH� (kJ=mol) DS�=Rþ lnf R

Benzene �33.03 �12.30 0.9984

Naphthalene �38.19 �14.04 0.9987

Fluorene �41.22 �14.96 0.9993

Biphenyl �44.45 �15.48 0.9994

Anthracene �46.26 �15.99 0.9993

Phenanthrene �41.04 �14.99 0.9999

Fluoranthene �38.51 �14.32 0.9996

Pyrene �40.30 �15.04 0.9996

Chrysene �48.85 �16.97 0.9995

Triphenylene �39.46 �14.33 0.9997

p-Phenylphenol �46.78 �16.30 0.9998

Nitrobenzene �32.59 �12.86 0.9991

Dimethylnaphthalene �44.80 �15.61 0.9997

1-Bromonaphthalene �42.92 �16.04 0.9999

Bromobenzene �36.09 �13.23 0.9991

Fluorobenzene �33.11 �12.64 0.9991

Benzophenone �43.63 �15.95 0.9994

Dibenzyl1 �45.72 �15.82 0.9988

Dibenzyl2 �51.66 �17.76 0.9988

Thioanisole �38.29 �14.13 0.9988

9-Anthracenemethanol �34.05 �13.31 0.9998

o-Cresol �31.62 �13.12 0.9981

m-Cresol �34.37 �13.86 0.9985

p-Cresol �34.70 �13.40 0.9984

o-Nitroaniline �31.09 �12.71 0.9983

m-Nitroaniline �30.47 �12.45 0.9985

p-Nitroaniline �39.27 �14.63 0.9991
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Apparatus

An HPLC instrument was set up equipped with the following (Shimadzu,

Japan): pump (LC-10AD), UV-VIS detector (SPD-6AV), auto-sampler (SIL-

10A), system controller (SPD-10A), and a chromatopac (CR-4A). Column

temperatures were controlled by a column oven (CTO-6A) or gas chromato-

graphic oven (GC-9A). The controlled temperature precision was �0.1�C.

Chromatography

Commercially available columns, Mightysil RP-18 (ODS, 150� 2.1 mm

I.D.), Develosil PheA (Ph, 150� 2.1 mm I.D.), COSMOSIL 5PYE (PYE,

150� 4.6 mm I.D.), and YMC CHIRAL b-CD BR (b-CD, 150� 4.6 mm I.D.)

were employed in this work. All these columns had densities of stationary phases

1.5 groups=nm2. Methanol–water or acetonitrile–water (80=20) was used as

mobile phases, but methanol=water (40 : 60) for the b-CD column. To obtain a

similar linear velocity, 0.2 and 0.8 mL=min of flow rates were used for 2.1 and

Figure 1. Structure and ligand length of stationary phases (a) ODS, (b) Ph, (c) PYE,

and (d) b-CD. Ligand densities of all stationary phases are ca. 1.5 groups=nm2.
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4.6 mm I.D. columns, respectively. Detection wavelength was 254 nm. The

retention factors were determined at five to seven different temperatures in the

range of 25–70�C. The retention time of organic solvent in mobile phase or

2,4-dichlorobenzoic acid was determined as t0. The retention factor used was the

average values determined for three to seven times.

RESULTS AND DISCUSSION

Thermodynamic Measurements in Liquid Chromatography

van’t Hoff analysis has been used to probe the thermodynamics of

chromatographic processes. The van’t Hoff expression for chromatography is

ln k 0 ¼
�DH�

RT

� �
þ

DS�

R

� �
þ lnf (1)

where k0 is the capacity factor, DH� and DS� represent the enthalpy and

entropy of transfer of the solute from the mobile phase to the stationary phase;

R and T are the gas constant and absolute temperature, respectively; and f is

the volume phase ratio (stationary=mobile). Plotting ln k0 vs. 1=T will give a

slope of �DH�=R, and the entropy and phase ratio are combined in the

intercept. Thus, the DH� can be calculated from the slope of a van’t Hoff plot.

It has been pointed out that the linearity in van’t Hoff plots can easy be found

in the temperature range of 30–50�C or 60�C, but there are significant

deviations from linearity if the temperature range is widened.[3,4,13] Besides,

the high content of water in the mobile phase and the binding density of

stationary phases have influence on the linearity of van’t Hoff plot. Thus, to

obtain excellent linearity, the content of organic solvent higher than 60%

and the binding density of stationary phase of about 3.0 mmol=m2 (1.8

groups=nm2) were used in this work.

After measuring the capacity factors at five to seven different tempera-

tures with an increment of 5�C in the temperature range of 25–75�C, the

thermodynamic data in LC retention process were calculated and listed in

Tables 1–4 according to van’t Hoff analysis. It was shown that excellent

linearity with correlation factors (R) higher than 0.992 were obtained for

almost all measurements with some exceptions. As an example, the van’t Hoff

plot of PAHs on the ODS column in methanol–water mobile phase is shown

in Fig. 3. As shown in Tables 1–4, all the changes of enthalpy (DH�) show

negative values, it suggests that energy is released when solutes transfer from

mobile phase to stationary phase. In other words, it is more stable for solutes

to be retained on the stationary phases than in mobile phase. Besides, it was
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noticed that the differences in DH� among all solutes in methanol–water

mobile phases were significant; but insignificant in acetonitrile–water mobile

phases with the exception of ODS stationary phase. The differences in DS�

among the solutes had a similar tendency to DH�. The absolute values of DH�

and DS� in acetonitrile–water system were higher than that in methanol–water

system. It suggests that there are differences in the retention mechanism

between methanol–water and acetonitrile–water mobile phases.

Thermodynamic Analysis for the Differences in

p–p Intermolecular Interaction

Based on the thermodynamic data shown in Tables 1–3, the differences in

the p–p intermolecular interaction between stationary phases and solutes can

Figure 3. Plots of logarithm of capacity factor, ln k0, and reciprocal of column

temperature, 1=T, for polyaromatic hydrocarbons on Mightysil RP-18 (ODS) in

methanol–water (80=20) mixture as a mobile phase. Solutes: (r) benzene; (j)

naphthalene; (s) biphenyl; (n) fluorine; (—) phenanthrene; ( |�) anthracene; (�) fluoran-

thene; (�) pyrene; and (u) chrysene.
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be observed. The logarithm of capacity factors of solutes on ODS, Ph, and

PYE columns at 35�C were plotted with the enthalpy of solute transfer (DH�)

in methanol–water (80 : 20) mixture and shown in Fig. 4. For ODS column

shown in Fig. 4(a), the plot of PAHs located within the area of PSABs. It

suggested that the PAHs showed similar retention behavior to PSABs due to

the absence of functional groups providing p–p interaction on the ODS

column. For the PYE column shown in Fig. 4(c), the plot of PAHs obviously

located above and far from all PSABs. It indicated that the p–p intermolecular

interaction between the PYE stationary phase and the solutes made a dominate

contribution for the chromatographic retention. For the Ph column shown in

Fig. 4(b), the plot of PAHs is also located above the plots of PSABs, but is

unlike the PYE column having very obvious differences between PAHs and

PSABs. The reasons could be regarded as the size of Ph being smaller than the

size of PYE groups and the p–p interaction between Ph stationary phase and

analytes being weaker than that between PYE stationary phase and analytes.

On the other hand, the differences in ln k0 �DH� plots among stationary phases

are affected by the differences in the binding density of stationary phases and

the stereo-selectivity of stationary phase for solutes.

Thermodynamic Analysis for the Differences in

Host–Guest Interaction

Based on the thermodynamic data on the b-CD column in Table 4, the

logarithm of the capacity factors at 35�C (ln k0) was plotted with the molar

enthalpy (DH�) in Fig. 5. The mobile phase was methanol–water (40 : 60),

and the solutes were PAHs and substituted benzene derivatives. As shown in

Table 4, the change of enthalpies (DH�) and entropies (DS�) on the b-CD

column for the solutes examined were relatively larger than that on other

columns, probably due to the presences of not only the hydrophobic but also

the host–guest interactions. Further, as shown in Fig. 5(a), an increasing

tendency of the change of enthalpy (DH�) was observed with the strong

formation of the host–guest interaction. It was interestingly found that there

were significant changes of enthalpy (DH�) and exceptional retention for the

solutes having similar sizes of b-CD (ca. 0.78 nm), as shown in the cyclic area

of Fig. 5(a). In chromatography, the logarithm of the partition coefficients in

1-octanol-water (log P) was usually considered as the parameter of evaluating

the hydrophobicity of solutes. The log P values of solutes examined were

calculated by a method.[14] The logarithm of the capacity factors at 35�C (ln k0)

was plotted with the log P in Fig. 5(b). It has been shown that the retention of

solutes on the b-CD column depends on the hydrophobicity of solutes. On the

basis of Fig. 5(a) and (b), we can draw a conclusion that the retention of
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Figure 4. Plots of the logarithm of capacity factor at 35�C [ln k0(35�C)] and the

enthalpy of solute transfer (DH�), in methanol–water (80 : 20) mixture on (a) ODS,

(b) Ph, and (c) PYE columns. Solutes: (r) p-n-alkylbenzenes; (j) p-n-alkylphenols;

(4) p-n-alkyliodobenzenes; (s) p-n-alkylacetophenones; ( |�) p-n-alkylanilines; and (u)

PAHs.
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solutes on the b-CD column contributes not only to the hydrophobic inter-

action, but also mainly to the host–guest interaction dependent on the

stereochemical structures of solutes.

Retention Mechanism in LC: Adsorption or Partitioning?

There are two main theories, namely solvophobic theory and the partition

model describing the retention mechanism in RRLC.[15] Solvophobic theory,

first applied to RPLC by Horvath and co-workers in 1976, proposes that

retention is primarily related to hydrophobic interactions between the mobile

phase and solutes.[16,17] The role of the stationary phase is minimized by

solvophobic theory, and retention is thought to occur through an adsorption

rather than partitioning process. The partitioning model of retention considers,

more explicitly, the role of the stationary phase in the retention process. In

1983, Martire and Boehm published the first retention model to consider the

effects of stationary phase chain organization.[18] Later, Dill proposed a

partitioning model of retention based upon mean-field statistical thermody-

namic theory, which describes a three-step molecular process by which the

solute transfers from the mobile phase to the stationary phase.[15,19] On the

basis of thermodynamic data, the retention mechanisms are discussed as

follows.

As shown in Fig. 6, the plot of molar enthalpy (DH�) vs. the alkyl chain

length of PSABs indicates the change of enthalpy with an increment of one

methyl group. For the ODS column shown in Fig. 6(A-a) and (B-a) the DH�

showed a linear relationship with the length of alkyl chain, and slopes were

almost independent on the length of alkyl chain. As well known in the field of

liquid–liquid equilibrium, this linear relationship shows a typical partitioning

behavior. For example, the plots in Fig. 6 is very similar to the plots of the free

energy change of solutes transferring from the water phase to heptane or

octanol phases, vs. the length of carbon chain of the solutes, as shown in Fig.

7.[20] However, the enthalpy changes resulting from the increase of one carbon

chain length of the solutes (the slopes of lines) in Fig. 6 are quite smaller than

those in Fig. 7. The reason is that the methanol–water (80 : 20) was used as a

phase in Fig. 6, but 100% water in Fig. 7. Based on above facts, we can deduce

that the retention of solutes on the ODS stationary phase results from the

partitioning mechanism. Although the ODS groups were chemically bonded

on the surface of silica gel, they work as if they are a highly hydrophobic

organic phase in liquid–liquid equilibrium. Solutes are partitioned between the

stationary phase and mobile phase.

Like the ODS stationary phase, the Ph stationary phase also showed an

excellent linear relationship of DH� vs. alkyl chain length of solutes in the
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Figure 6. Plots of alkyl chain length of PSABs (n) and molar enthalpy (DH�). Mobile

phase: (A) methanol–water (80 : 20), (B) acetonitrile–water (80 : 20). Columns:

(a) ODS; (b) Ph; and (c) PYE. Solutes: (r) p-n-alkylbenzenes; (u) p-n-alkylphenols;

(n) p-n-alkyliodobenzenes; (s) p-n-alkylacetophenones; and ( |�) p-n-alkylanilines.

(continued)
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Figure 6. Continued.
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methanol–water mobile phase, as shown in Fig. 6(A-b). However, the DH�

almost did not change with the alkyl chain length in the acetonitrile–water

mobile phase, as shown in Fig. 6(B-b). As shown in Tables 1–4, the DH� in the

acetonitrile–water system was larger than in the methanol–water system. The

increase of enthalpy means the molecular ordering is based on the thermo-

dynamic viewpoint. Thus, it is more stable for solutes to situate in the mobile

phase than to embed in stationary phase when the acetonitrile–water mixture is

used as the mobile phase. Based on these thermodynamic results, we could

deduce that adsorption mechanism also plays an important role in the retention

of solutes on the Ph column when an acetonitrile–water system was used as

the mobile phase. As shown in Fig. 6(A-c) and (B-c), the PYE stationary

phase showed a similar tendency with the Ph stationary phase in both

methanol–water and acetonitrile–water systems. In other words, the retention

is mainly based on the partitioning in a methanol–water mobile phase, but also

on the adsorption in the acetonitrile–water mobile phase. Further, it was

noticed that the plot in Fig. 6(B-c) was also similar with Fig. 6(A-c).

Therefore, a reasonable explanation for the retention of solutes on the PYE

stationary phase in the acetonitrile–water mobile phase should be the con-

comitance of partitioning and adsorption.

Figure 7. Plots of free energy of solutes transferring between water and organic

phases (heptane and octanol) with the carbon chain length of solutes, from Ref.[20].
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Effect of the Characteristic of Stationary Phase on

Thermodynamic Values

As described above, the retention mechanism in LC is affected by the type

of mobile phases. The effect of the characteristics of stationary phase, like the

binding density and the log P of monomeric molecule of stationary phase, will

be discussed as follows. As shown in Table 5, the enthalpy change with the

increase of one carbon number of methylene (DDH�) almost correlates with

the binding carbon density of stationary phase, and the enthalpy changes of all

solutes depends on the log P. The enthalpy change for solutes to transfer from

the mobile phase to the stationary phase was increased with the increase of

log P. This suggests that it is more stable for solutes to embed in the high

hydrophobic stationary phase with higher log P. Thus, based on the partition-

ing, the retention on the stationary phase with higher log P is stronger and the

enthalpy change is more significant.

CONCLUSIONS

The thermodynamic data (DH and DS�) of chromatographic interactions,

including four stationary phases and 53 solutes and two mobile phase systems

(methanol–water and acetonitrile–water), were measured by van’t Hoff analy-

sis. It has been found that there are obvious differences in p–p intermolecular

interactions among the stationary phases of ODS, Ph, and PYE by comparing

the plots of ln k0 �DH. Based on thermodynamic analysis, both hydrophobic

Table 5. Comparison of thermodynamic values, carbon density, and log P of
monomeric selector of ODS, Phe, and PYE.

Column ODS Ph PYE

DDH�=methylene (kJ=mol)a
�1.79 �1.17 �1.89

Carbon density (Cn=nm2)b 30 15 30

p-n-Butylbenzene [DH� (kJ=mol)]c
�13.5 �6.35 �9.15

p-n-Butylphenol (DH�)c
�12.2 �4.08 �5.94

p-n-Butyliodobenzene (DH�)c
�16.6 �8.79 �13.4

log P (monomeric selector)d 9.18 3.03 6.07

Note: Mobile phase: methanol–water (80 : 20).
aThe enthalpy change with the increase of one carbon in the length of methylene chain.
bCarbon density means the carbon number per one unit area.
cThe enthalpy change of solutes.
dlog P of monomeric molecule of stationary phase.
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and host–guest interactions make contributions to the retention of solutes on

the b-CD stationary phase, and the structures of solutes having similar

molecular size with the cavity of b-CD, show exceptional retention and

resulted in large enthalpy changes. Further, the type of mobile phases and

the characteristics of stationary phase have critical influence on the retention

mechanisms in liquid chromatography.
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