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Retention mechanisms in 
liquid chromatography.

(NP&RP LC, HILIC)

Prof. Pierre CHAMINADE

Lip(Sys)² Lipids, Analytical and Biological Systems

Pharmaceutical Analytical Chemistry Team

Faculty of Pharmacy, University Paris-Saclay
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Foreword

analyte, mobile and 
stationnary phases in LC

2
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The triple equilibrium in LC

Analyte or solute

Stationary phase Mobile phase

The analyte
must be

soluble in the 
mobile phase 

Usually a 
mixture 
of 2 or 3 
solvents.

Solute-solvent interactionsSolute-Stationary phase 
interactions

Solvent-Stationary phase
interactions 

Packed in 
the 

column
tube

The stationary phase - mobile phase pair as well as 
the analyte - stationary phase interactions 
determine the retention mechanism.

3
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The stationary phase

• Basic material = Silica gel = bare silica
• orthosilicic acid [Si(OH)4] polymer
• Amorphous and porous silicon dioxyde
• withstands high pressures
• High specific area (up to 800 m²/g)
• Pore size and particle size depend on the 

method of preparation
• Water adsorbent by hydrogen binding 

with silanols

• Grafted silica: 
• Surface properties modified by grafting

reactions of the silanol groups by various
polar or non-polar organic silanes

4

surface

surface
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Stationary phase polarity

• Bare silica highly polar adsorbent

• Propyl-diol or « diol » polar

• Propyl-cyano or « cyano »
intermediate polarity

• Alkyl (C8, C18) silica non-polar

5
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The mobile phase

• Solute-solvent interactions involved
in the solubilization process
• H bonding (donnor/acceptor)

• Dipoles interactions

• Plus dispersion (London) forces

• overall solvation capability of 
solvents = solvent polarity
• Like dissolves like

• Oils dissolve in non polar solvents

• Sugars dissolve in water and polar 
solvants (alcohols) 

dipole

H bond acceptor H bond donnor

6
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Solvent polarity scale

Solvent δ cal½cm-3/2) P'

Water 21 10.2

Methanol 12.9 5.1

Acetonitrile 11.8 5.8

Ethanol 11.2 4.3

Isopropyl alcohol 10.2 3.9

Dioxane 9.8 4.8

Dichloroethane 9.7 3.5

Dichloromethane 9.6 3.1

Acetone 9.4 5.1

Chloroform 9.3 4.1

THF 9.1 4

Toluene 8.9 2.4

Ethyl acetate 8.6 4.4

Cyclohexane 8.2 -0.2

n-Hexane 7.3 0.1

• P’ (Rohrschneider)

• Calculated from the gaz-liquid partition 
coefficients (𝑘") of 3 probe compounds 
(ethanol, dioxane, nitromethane) placed in a 
sealed vial containing the solvent to be
characterized

• 𝑃′ = log 𝑘𝑒
" + log 𝑘𝑑

" + log 𝑘𝑛
"

• δ (Hildebrand)

• square root of the cohesive energy density or 
amount of energy needed to completely 
remove unit volume of molecules from their 
neighbours to infinite separation (an ideal 
gas)

• 𝛿 = ൗ𝐸𝑆
𝑉

𝑉𝑆

non polar (alcanes)

polar (water)

mid-scale
Water 
miscible 
solvents

H
yd

ro
-o

rg
an

ic
m

o
b

ile
 p

h
as

es
o

rg
an

ic
m

o
b

ile
 p

h
as

es
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The analyte or solute
• Caffeine

• LogP = -0.07

• P octanol/water distribution coefficient 
(concentration ratio)

• Polar or Hydrophilic compounds LogP < 0

• Hydrophobic or non polar compounds LogP >0

• Amphiphilic LogP ≈ 0

• Solubility in water is increased par addition 
of dilute HCl

CH3

N

N

O

N

O N

CH3

CH3

1 g caffeine dissolves in 
46 mL of water
66 mL of alcohol
50 mL acetone
530 mL ether

Ionizable compounds are 
more polar when ionized

𝐿𝑜𝑔𝐷 = 𝐿𝑜𝑔𝑃 + 𝐿𝑜𝑔
1

1 + 10𝑝𝐻−𝑝𝐾𝑎

𝐿𝑜𝑔𝐷 = 𝐿𝑜𝑔𝑃 + 𝐿𝑜𝑔
1

1 + 10𝑝𝐾𝑎−𝑝𝐻

Acidic compound

Basic compound

8
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LogP, MLP and polar groups
• Caffeine (Log P -0.07)

• Bisphenol A (LogP 3.3)

• Glutathione (LogP -4.5)

CH3

CH3

OH OH

O

NH

SH

O

NH

O OH

O

OH

NH2

CH3

N

N

O

N

O N

CH3

CH3

Molecules colored according to
their Molecular Lipophilicy
Potential.

LogP/LogD offers a global vision of 
solute polarity.

MLP describe how lipophilicity is 
distributed all over the different 
parts of a molecule.

Polar groups or non polar areas of 
the molecules are important to 
explain molecular interactions.

9
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Normal phase LC.

non polar (alcanes)

polar

mid-scale

Analytes soluble in 
organic mobile phases 

Interaction between the 
polar functional groups of 

the molecule and the polar 
moeities of the stationnary

phase.  

Non-polar 
to 
moderately
polar 
mobile 
phase

polar to 
moderately
polar 
stationnary
phase

Perhaps too
much

retained or 
poorly soluble

10
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Reversed phase LC.

non polar

Polar (Water)

mid-scale

Analytes soluble in 
hydro-organic mobile 

phases

Interaction between the 
non polar area of molecules

and the alkyl chains.

Polar 
(water) to 
moderately
polar 
mobile 
phase

Non-polar 
stationnary
phase

Perhaps too
retained or 

poorly soluble

Cyano
columns

(mid-scale
polarity) are 
usable in NP 

or RP LC

11
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Hydrophilic Interaction Ch.

polar

mid-scale

Water soluble analytes

Partitioning between
the mobile phase and 
the water layer (plus 
specific contributions 
of the polar groups of 

the St. Ph.).  

Water rich
mobile 
phase

polar to 
moderately
polar 
stationnary
phase

H2O H2O H2O H2O
Water uptake by the 
stationnary phase.  

12



TU
 0

9
 A

n
al

yt
ic

al
 s

ci
en

ce
s

M
1

 D
ev

el
o

p
m

en
t 

o
f 

D
ru

g 
an

d
 H

ea
lt

h
 P

ro
d

u
ct

s
P

.C
H

A
M

IN
A

D
E 

U
n

iv
. P

ar
is

-S
ac

la
y

More details on

Normal Phase 
chromatography
Adsorption (bare silica) and polar grafted phases

13
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Normal Phase LC keypoints

• Sample is soluble in organic solvents mixtures
• LogP > 1

• The mobile phase is non-polar or at least less
polar than the St. Phase. 

• The stationnary phase is polar
• Bare silica (adsorbtion chromatography)
• Polar grafted silica (diol, cyano, amino)
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Silica gel (bare silica) properties

Free silanol Linked silanols siloxane bridge Hydrated silanol Highly hydrated silica gel

• Silica surface

• analytes interact with silanols
• the most energetic are the free silanols
• the activity decreases when they are involved in hydrogen 

bonds with other silanols or water molecules
• an anhydrous silica is said to be activated and deactivated 

when it is fully hydrated.
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Adsorption equilibrium

• Adsorption is a competitive phenomenon

• a 1:1 stoichiometry is assumed 

• the different chromatographic parameters are integrated into the Snyder-
Soczewinski model.

𝑆(𝑖𝑛 𝑀𝑃) + 𝑛𝑀(𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑) 𝑆(𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑) + 𝑛𝑀(𝑖𝑛 𝑀𝑃)

The Solute dissolved in the 
mobile phase [S(in MP)] must 

displace several [n] solvent 
molecules of the mobile phase 

(MP) adsorbed on the stationary 
phase [M(adsorbed)] in order to 

take their place on the silica.

 
MV

WaAsEoVak log].[*)log()log( 0  
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Snyder-Soczewinski model

 
MV

WaAsEoVak log].[*)log()log( 0  

Va volume of mobile 
phase adsorbed per unit 
mass of silica 
Depends on the specific area 
of the silica particles

Wa mass of silica 
contained in the column
VM dead volume 
of the column (also noted 
V0) 

As surface 
occupied by one mole of 
solute on the silica 

εo eluent 
strength of 
the solvent 
(and AM

surface 
occupied by 
the solvent )

Eo free energy of 
adsorption of solute 
molecules under 
standard conditions of 
activity (β*=1)

* activity of the adsorbent : 
β*=0 highly hydrated / deactivated silica 
β*=1 highly activated silica, anhydrous

k retention
factor of the 
solute

TR

G
Eo S

..3,2

0
 0

0

2 3


G

R T A

M

M, . . .
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Va and specific surface area

Va: the volume of mobile phase adsorbed 

per g of silica, is proportional to the 

specific surface area (m²/g) of the 

support. 

However, the increase of the specific 

surface area is to the detriment of the 

pore diameter: as well as the number of 

free silanols per unit of surface area. 

309 m²/g   / 100Å

412 m²/g

482 m²/g / 60 Å
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Adsorption energy E0

E Q f QX i

i x

0 0 01  


( )
 Groupement X et Y =Ar. X=Al, Y=Ar X et Y = Al 

X-CH3 0.11  0.07 

-C= 0.25 0.25 0.25 

X-F -0.15  1.54 

X-O-Y 0.87 1.83 3.61 

X-OH 4.20  5.60 

X-NH2 5.10  8.00 

C-CN 3.33  5.27 

X-COOH 6.1  7.6 
 

E0 depends on the nature 
and the number of polar 
groups disponible to 
interact with silanols

Steric hindrance & E0:

E Q f QX i

i x

0 0 01  


( )
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20

Adsorption energy E0

Influence of position isomerism for the separation of three phenyl-propanol solutes by 
adsorption chromatography
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Eluting strength ε0 is not polarity

ε0 δT water %

Hexane 0 7.3 0.0005

Isopropylic ether 0.22 7.4 0.008

Chloroforme 0.26 9.1 0.005

Dichlorométhane 0.32 9.6 0.007

Tetrahydrofuran 0.35 9.1 0.13

Ethyl acetate 0.38 9.6 0.06

Dioxane 0.49 9.8 0.14

Acetonitrile 0.5 13.1 0.22

Isopropanol 0.63 10.2

Methanol 0.73 15.8 5.2

Water 0.73 21

-0.05

0.05

0.15

0.25

0.35

0.45

0.55

0.65

0.75

0.85

0.95

0 5 10 15 20 25

ε 0

δT

The eluting strength and polarity are 
roughly correlated but not all solvents 
activate silica in the same way.

Controling the silica hydration is somewhat 
difficult 

21

Eluting strength vs polarity
Size of the bubbles = water % in solvent
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Eluting strength 0 of solvent mixtures

   
As

N
As

mS

.*

1101log 12.*

2

21













Solvent 2 stronger than 1 (2>1).

* Adsorbant activity.

As assumes the same surfaces for 

the two solvents

|NS2|m Molar fraction of solvent 2 in 

the mobile phase

Violent increase of the eluting
strength of the mobile phase 
when too much difference exists
between the weak and the strong
solvent.

3 or 4 way gradient elution is
frequently used to increase

gradualy ε0
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Example: lipid class analysis

A Isooctane: THF 99:1 v/v

B Isopropanol:CHCl3 4:1 v/v

C Isopropanol: water 1:1 v/v

Rat liver lipids

Rapid separation and quantification of lipid classes by high performance liquid chromatography and mass (light-
scattering) detection. W W Christie, 1985 The Journal of Lipid Research, 26, 507-512. 

column: Spherisorb 3µm 150x5mm

23
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Two dimensions Thin Layer Chromatography.

• Rat brain lipids

• Silice G

• 1st dimension
CHCl3/MeOH/NH4OH-
65/35/4

• 2nd dimension
CHCl3/ Acetone / Methanol
/ acetic acid/ water

10/4/2/2/1(1) cerebrosides (2) sulfatides (3) PE 
(4) PC, PS, SM, LPE (5) PA 

(6) ganglisosides (starting spot) 

Quantitative analysis of lipid classes, O.S. Privett et al. Am J Clin Nutr. 1971 vol. 24 no. 10 1265-1275

24
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NP with Polar grafted silica

• Chemically modified silica with 
polar grafts

• Retention orders are similar to 
those encountered on silica.

• The solvents are the same as in 
adsorption chromatography.

• The retention is globally less 
important

• Water can be added to the mobile 
phase.
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26

Example of glycolipid separation

• The order of elution follows 
the number of sugar units 
on the glycosylceramides.

• Stationary phase:

• Polyvinyl alcohol grafted on 
silica

• Mobile phase: 
acetone:methanol gradient

O

R
1

variable 
acyl group
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Example Cyanopropyl St Phase

« neutral » lipids Spherisorb S3CN stationnary
phase

• Colonne (100x4.6)

• Gradient
• Hexane to MTBE

Separation of non-polar lipids by high performance liquid chromatography on a cyanopropyl column
Ali H. El-Hamdy, W.W. Christie, Journal of High Resolution Chromatography,  16, (1993) Iss 1, pages 55–57
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More details on

Reversed Phase 
chromatography

28
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Reversed Phase LC Keypoints

• Up to 70~80% of HPLC applications are RP-HPLC

• Stationary phase is non-polar 
• Most popular C18 grafted silica

• The mobile phase is polar
• Consists of water to which a miscible organic solvent 

(methanol, acetonitrile or more rarely tetrahydrofuran) 
is added to accelerate elution.

• The pH of the mobile phase can be modified

• For solutes with LogP/LogD in the -1~4 range
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Stationnary phase structure (1)

• generally alkyl grafts. 

• most classical are C8 
and C18

• Phenyl- and cyano
• intermediate polarity

• specific interactions 

π electrons specific
interactions

Strong dipole
interactions
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Stationnary phase structure (2)

• alkyl grafts. 

• Differ by 
• Chain length 

• Phase chemistry

• Bound density
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St. Phase structure and retention

Effect of alkyl graft length Effect of alkyl graft density

32

Alkyl chain length

Grafting density in µmol/m²

Solute retention increases with increasing alkyl chain length and/or chain density
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St. Phase structure and selectivity

• The stationnary phase structure also influence selectivity

Wise, S. A.; Sander, L. C.; May, W. E. Determination of 
Polycyclic Aromatic Hydrocarbons by Liquid 
Chromatography. Journal of Chromatography A 1993, 642
(1), 329–349
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Solute-stationnary phase interactions

• Solute-St. Phase interactions 
cannot be explained by H-bonds 
and van der Waals forces.

• H-bonds and van der Waals
forces explain solute-solvent
interactions.

• The hydrophobic repulsion of the 
solute on the alkyl chains is the 
primary cause of retention.

• Water and polar solvents self-
organize around the solutes and 
grafts to minimize entropy of the 
solute-stationary phase system in 
contact with the mobile phase.

Essentials in Modern HPLC Separations 2013 Elsevier Inc.

As a consequence, there is no unique and 
widely accepted retention model in RP-HPLC

34
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Empirical retention model.
The log-linear decrease of the 
retention factor as a function of the 
quantity (volume fraction 𝜑𝑜𝑟𝑔) of 

(strong) organic solvent in the 
mobile phase leads to the following 
equation:

 ln .k Lnkw Si org  

• Lnkw: estimate (projection) of the log. retention factor in a mobile phase without 
organic modifier. Lnkw strongly correlates with Log(P)

• S (Slope) influence of the organic modifier on retention. 
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Mobile phase strength in RP-LC

• An increase of the % of organic modifier decrease
mobile phase polarity and decrease retention

• Empirical rule: +10%  retention times /2
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Mobile phase solvent Selectivity

• Preferential solute-solvent interactions influence 
separation selectivity.

Methanol:water 73:27 Acétonitrile:water 60:40
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Mobile phase pH Selectivity

Depending on the mobile phase pH, the 
retention factor of a weak acid AH is
intermediate between
• k0 the retention factor of the non 

ionized AH form
• k-1 the retention factor of the ionized, 

less retained, A- form

• A similar equation can be derived for 
weak bases.
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More details on

Hydrophilic Interaction 
Chromatography

39
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HILIC Keypoints
• Introduced by Alpert (J. Chromatography, 1990) 

• Addresses (very) polar (water-soluble) 
compounds (LogP/LogD < 1)

• Hydro-organic mobile phases (acetonitrile-
water)

• Avoids the use of ion exchange for ionized
analytes

• Polar stationary phase "normal phase type" 
• bare silica

• « Neutral » phases: amide, cyano, diol 

• non-ionizable at pH 3~7

• "charged" phases: 

• Positive ionization: amino, imidazole, triazole

• Negative ionization: poly(2-sulfoetlaspartamide), 
poly(aspatic acid), sulfones

• Zwiterionics: sulfobetaine, phosphocholine, 
Alpert, A. J. Hydrophilic-Interaction Chromatography for the 
Separation of Peptides, Nucleic Acids and Other Polar 
Compounds. Journal of Chromatography A 1990, 499, 177–
196. 
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« Neutral » stationnary phases
• Polar functional groups

• Amide phase: The most 
classical 

• Aspartamide phase: 
created specifically for HILIC

• Cyano phases:  not very 
retentive, no H-bound 
donor character

• Diols phases: Hydrophilic 
character modulated by the 
length of the linker

• Polyvinyl alcohol and cross-
linked diols are more stable 

Y. Guo et S. Gaiki, « Retention and selectivity of stationary phases for hydrophilic interaction chromatography », Journal of Chromatography A, vol. 1218, nᵒ 35, p. 5920-5938, sept. 2011.
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« Charged » Stationnary phases
• Ionized phases at pH 3~7

• Positive charges
• NH2 amine
• Imidazoles and triazoles, new phases 

developed for HILIC, improved
stability

• Negative charges
• Sufonates and carboxyates
• Ion exchange phases used in HILIC
• bare silica

Y. Guo et S. Gaiki, « Retention and selectivity of stationary phases for hydrophilic interaction chromatography », Journal of Chromatography A, vol. 1218, nᵒ 35, p. 5920-5938, sept. 2011.

• Zwitterionic
• Initially developed for the 

analysis of ionized 
compounds

• Differs by the accessibility of 
the charge (+) or (-)

42
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Retention mechanism

• Complex and not fully
elucidated

• Partition of the solute 
between the mobile 
phase and an aqueous 
phase immobilized on the 
surface of the stationary 
phase

• Solute/St. Phase 
Interactions
• Adsorption, and/or 
• ion interactions, and/or
• hydrophobic

43
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Retention mechanism and St. Phase selectivity

1. Toluene
2. Phenol
3. Thiourea
4. uracil

CH3

OH

S

NH2

NH2

O

NHO

N
H
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Stationnary Phases selectivity (1)

Amide

Aspartamide

Sulfobetaine

Silica

Diol

Diol, cross linked

Polyhydroxy

Poly vinyl alcool

O

NHO

N
H

N

N

N

N

O

OH

OHOH

NH2

H

H

O

NH

O

N

O

OH

OH

OH H

H

N

O

NH

NH2

O

N

NH2

N

O

OH

OH

OH

H

H

N

O

N
H

N

N

O

OH

OH

OH

NH2

H

H

Uracile

Adenosine

Uridine cytosine

cytidine
guanosine
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Stationnary Phases selectivity (2)

Amide

Silica

Diol

O

NHO

N
H

N

N

N

N

O

OH

OHOH

NH2

H

H

O

NH

O

N

O

OH

OH

OH H

H

N

O

NH

NH2

O

N

NH2

N

O

OH

OH

OH

H

H

N

O

N
H

N

N

O

OH

OH

OH

NH2

H

H

Uracile

Adenosine

Uridine cytosine

cytidine
guanosine

Amino

Imidazole

Triazole
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solvents effect in HILIC
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pH effect in HILIC

pKa=3.5

ACETYLSALICYLIC ACID
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