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ABSTRACT: Despite considerable effort, a molecular-level understanding of the
mechanisms governing adsorption/desorption in reversed-phase liquid chromatography is
still lacking. This impedes rational design of columns and the development of reliable,
computationally more efficient approaches to predict the selectivity of a particular column
design. Using state-of-the art, validated force fields and free-energy simulations, the
adsorption thermodynamics of benzene derivatives is investigated in atomistic detail and
provides a quantitative microscopic understanding of retention when compared with
experimental data. It is found that pure partitioning or pure adsorption is rather the
exception than the rule. Typically, a pronounced ∼1 kcal/mol stabilization on the surface is
accompanied by a broad trough indicative of partitioning before the probe molecule
incorporates into the mobile phase. The present findings provide a quantitative and rational
basis to develop improved effective, coarse-grained computational models and to design
columns for specific applications.

The dynamics of single molecules at the solid/liquid
interface plays important roles in surface science

(adsorption/desorption), material science, and interfacial
chemistry. Friction,1 self-assembly, heterogeneous catalysis,2

and analyte transport3 are all processes that depend sensitively
on the mobility and dynamics of molecules on a solid surface.
At the solid/liquid interface, the interplay between the
interfacial hydrogen-bond network and the structure of the
solid surface gives rise to different adsorption modes depending
on the composition of the liquid phase.
The molecular basis for retention in reversed-phase liquid

chromatography (RPLC), which is the most important mode-
of-action for separation, depends on both specific and
nonspecific interactions between the analyte and its environ-
ment.4−9 The nonpolar stationary phase is often a function-
alized silica surface to which alkyl chains of various lengths are
tethered, and the mobile phase is moderately polar (water/
methanol or water/acetonitrile). The challenge further
increases when separating structurally or functionally similar
compounds, especially if their peaks are not well resolved.10

Despite the seemingly “simple” chemical composition of such
systems, the molecular understanding driving the separation
process remains elusive because the system is highly dynamical,
heterogeneous, and disordered.11−14 The use of computational
and experimental spectroscopic techniques such as IR,15−17

Raman,18 and NMR19−21 have provided valuable insight into
the water/methanol mixture at the molecular level.11,22−27

Progress has also been made in a qualitative assessment of the
role played by chain surface density, chain length, temperature,
and solvent composition on retention.28−31 However, a
molecular level understanding of retention itself is still lacking,

which prevents the rational engineering of optimal columns for
a particular separation problem.32−34

A typical model for a chromatographic system is shown in
Figure 1A. It consists of a silica support of two 8.75 Å thick
segments of the (101) face of quartz crystalline lattice with
dimensions 36 × 41 Å, on which C18 alkyl chains are randomly
distributed with a surface coverage of 2.65 μmol/m2 (typical in
experiments). The alkyl chains in such systems are highly
dynamical, which modulates the intermolecular interactions at
the stationary interface and significantly influences retention
and chemical selectivity.35 An equilibrated 80 Å thick solvent
box was superimposed on this arrangement to give a cell with
dimensions 36 × 41 × 97 Å3. Such a simulation setup is
sufficiently large along the z axis to exhibit a homogeneous
solvent mixture in the center of the simulation system11,27 and
the (x,y) dimensions support a meaningful number of
functionalizations (24) to obtain a chain distribution
commensurate with experiments. Along the x and y directions
periodic boundary conditions are applied. Two silica surfaces
were chosen such as to be able to study spontaneous transfer
and intercalation in unbiased simulations (see Figure 1B).
Commonly used mixtures are water (H2O), together with an
organic cosolvent such as acetonitrile (ACN), methanol
(MeOH), or tetrahydrofuran (THF). Even though exper-
imental studies showed that separation of compounds depends
decisively on the hydrophobic nature of the studied
compounds,36−38 the change in the solvent composition mainly
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modulates the hydrophobic nature of the environment, which
affects the elution time and improves the resolution of the
analyte. In RPLC, the mobile phase is more polar than the
stationary phase. Hence, retention increases as the polarity of
the mobile phase increases and nonpolar analytes are more
strongly retained than polar ones.39 The mobile phases used
here are two MeOH/H2O mixtures of different polarity, 20:80
and 50:50 by volume (v/v), representing a highly polar and a
less polar mixture, respectively. (See the SI for more details of
the system setup.)
Atomistic simulations with accurate force fields are ideally

suited to characterize the statistical thermodynamics of such
complex systems.40,41 They allow us to explicitly determine the
free energy for adsorption/desorption to/from the surface, ΔG,
which is directly related to the experimentally measured
capacity factor k′ ∝ exp(−βΔG) with β = 1/kBT.

42 The

analytes considered here are benzene derivatives for which
experimental retention times and capacity factors for a C18
column are available for direct comparison.35 They include
toluene (PhCH3; polarity p = 0.099), benzene (PhH; p =
0.111), chlorobenzene (PhCl; p = 0.188), and phenol (PhOH;
p = 0.680).43 The capacity factors for all benzene derivatives in
20:80 and 50:50 MeOH/H2O mobile phase composition are
obtained from ref 35 (see figure 4C in ref 35, C18 column with a
density of 2.60 μmol/m2).
All MD simulations were carried out at constant volume and

constant temperature (NVT) using the CHARMM program.44

For a meaningful characterization of the thermodynamics,
multipolar force fields are used for the solutes. (See the SI for
force-field parametrization.) Such models have been shown to
correctly describe the anisotropic electrostatics around
substituted and halogenated phenyls.40,41,45−50 Umbrella

Figure 1. (A) Schematic representation of a 20:80 MeOH/H2O chromatographic system (silica layer: silica in yellow, oxygen in red; C18-alkyl
chains, green; water, red; MeOH, blue). (B) Idealized configuration with extended C18 chains. (C) Conformations from umbrella sampling
simulations with surface-to-center of mass of PhCl distance of 3.0 Å. The intercalation of the analyte (magenta, vdw representation) in the highly
dynamical C18-functionalized silica column is evident.
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sampling simulations51 were used to evaluate the free energy of
binding of the analyte molecules toward the surface. The
reaction coordinate was the distance of the center of mass of
the analyte orthogonal to the silica surface, where it was moved
away from the surface along the z direction. Typical snapshots
from such simulations are shown in Figure 1C. The idealized
length of the extended C18 chains is 14 Å (Figure 1B), and to
sample the overall intercalation mechanism, 28 windows
separated by 1 Å ranging from z = 3 to 30 Å (see Figure 2)
were used. For every window, the analytes’ height above the
surface z was constrained to within 1 Å, the equilibration time
was 500 ps, and data were accumulated for the next 2 ns. The
overall free-energy profile was constructed from a weighted
histogram analysis (WHAM).52,53 Evidently (see Figure 1C),
the C18 chains were not fully extended but in a partially
collapsed state.13,23,24,26 The average extent was 10 and 12 Å
above the silica support for 20:80 and 50:50 MeOH/H2O
solvent mixtures, respectively (see the SI for more details).54

The computed free energy of adsorption/desorption can be
compared in two different ways with experiment: first, by
calculating the change in free energy of the same compound for
t w o d i ff e r e n t s o l v e n t c o m p o s i t i o n s

ΔΔ = −→
′
′( )G RT ln k

k20:80 50:50
50:50

20:80
and, second, by comparing

the difference in free energy of two different compounds in the

same solvent ΔΔ = −→
′
′( )G RT ln k

kPhCl PhR
PhR

PhCl
(for details see

the SI). Because the computed free energy of solute retention
depends on the position z above the silica surface and within
the stationary phase, ΔG(z) was averaged over a finite range
within the alkyl chains, namely, for z ranging from 3 to 14 Å;
see Figure 2.
Table 1 compares the experimental and computed free

energies depending on solvent mixture composition. The
simulations confirm that all analytes are thermodynamically
more stable in water-rich solvent mixtures; that is, all
⟨ΔΔG⟩20:80→50:50 are positive. This is related to the increased
number of MeOH molecules in the mobile phase that migrate
to the stationary phase and favor chain−chain interactions over
solvent−surface interactions. Second, the simulations repro-
duce the experimentally observed ordering35 for PhOH and

PhCH3 to be the least and most stable compounds,
respectively, upon going from a 20:80 to a 50:50 mixture.
For PhH and PhCl the ordering is reversed but the stability of
the two compounds only differs by 0.06 kcal/mol, which is
probably within the accuracy of the simulations themselves as
judged from the force-field accuracy for hydration free energies;
see Table 1 in the SI and refs 40 and 48 (experimental
uncertainties are unknown). Finally, for all compounds the
difference between computed and experimentally observed
relative stabilization free energies is within 0.1 kcal/mol,
consistent with the fact that hydration free energies of the
compounds in pure water also are accurate to within that
value.41

The free-energy changes for two different compounds in the
same solvent composition are summarized in Table 2. The

Figure 2. Comparison of free-energy profiles for PhH, PhCl, PhCH3, and PhOH in 20:80 (left panel) and 50:50 (right panel) MeOH/H2O solvent
composition. The reference point z = 0 is the O atoms of the hydroxylated silica surface. The stabilization free energies were averaged over the
stationary phase: z between 3 and 14 Å (red dashed arrow) and correspond to a finite range within the alkyl chains (see inset). The dashed bars at z
= 7 (first maximum) and z = 14 (last minimum) reflect the static and the flexible parts of the system, respectively.

Table 1. Comparison of Computed and Experimental35

Relative Free-Energy Differences ⟨ΔΔG⟩20:80→50:50 in 20:80
and 50:50 MeOH/H2O Solvent Mixturesa

⟨ΔΔG⟩20:80→50:50 (kcal/mol) comp. exp. |dev.|

PhCl 0.83 0.82 0.01
PhCH3 0.96 0.91 0.05
PhH 0.77 0.86 0.09
PhOH 0.59 0.55 0.04

aAbsolute difference (|dev.|) is also reported. The estimated statistical
error on the computed ΔG values from bootstrapping is ∼0.34 kcal/
mol.

Table 2. Comparison of the Computed and Experimentally
Measured35 Free-Energy Difference ⟨ΔΔG⟩PhCl→PhR (comp.)
in 20:80 and 50:50 MeOH/H2O Solventa

⟨ΔΔG⟩PhCl→PhR
(kcal/mol) comp.

20:80
exp. |dev.| comp.

50:50
exp. |dev.|

PhCH3 0.05 0.06 0.01 0.08 0.20 0.12
PhH 0.57 0.60 0.03 0.51 0.61 0.10
PhOH 1.25 1.43 0.18 1.01 1.16 0.15

aAbsolute deviation is also reported (|dev.|). The estimated statistical
error on the computed ΔG values from bootstrapping is ∼0.34 kcal/
mol.
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ΔΔG was calculated relative to PhCl (PhCl being the analyte
with the highest capacity factor in both solvent composi-
tions35). For PhH, the experiment yields ⟨ΔΔG⟩PhCl→PhH =
0.60 and 0.61 for 20:80 and 50:50 MeOH/H2O solvent
composition compared with 0.57 and 0.51 kcal/mol from the
simulations. The changes are larger for PhOH, namely,
⟨ΔΔG⟩PhCl→PhOH = 1.43 and 1.16 kcal/mol from experiment
compared with 1.25 and 1.01 kcal/mol from the simulations,
that is, a decrease by 0.27 and 0.24 kcal/mol from experiment
and simulations, for 20:80 and 50:50 mixtures. Finally, for
PhCH3, the comparison yields ⟨ΔΔG⟩PhCl→PhCH3 = 0.06 and
0.20 kcal/mol from experiment for 20:80 and 50:50 solvent
composition, respectively, compared with −0.05 and −0.08
kcal/mol from the simulations. Hence PhCl is more stable in
the hydrophobic stationary phase compared with all other
analytes in both solvent compositions (20:80 and 50:50).
Detailed molecular-level insight into retention can be gained

from considering the free-energy profile of solute transfer from
the stationary phase to the mobile phase along a specified path
(here perpendicular to the surface). Figure 2 shows the free-
energy profiles for PhH, PhCl, PhOH, and PhCH3 in MeOH/

H2O mixtures of 20:80 (left panel) and 50:50 (right panel).
The free-energy profile exhibits structure up to z ≈ 14 Å, which
is the average height of the stationary phase. All solutes are best
stabilized in the first minimum at z = 5 Å. Hence, all solutes can
penetrate to the surface and intercalate with the chains. This is
consistent with unbiased simulations (see Figure 3) and
observations that for chain densities ≤ 3.8 μmol/m2 adsorption
is more important than partitioning.35 Beyond z = 5 Å, all
probe molecules experience a barrier at z = 7 Å, which leads to
a broader region of stability for z ≥ 8 Å. Beyond z = 14 Å, the
free energy increases by 3 to 2 kcal/mol (depending on the
analyte) upon transfer from the hydrophobic stationary phase
into the polar mobile phase.
Comparison of Figures 2 and 3 establishes that the umbrella

sampling simulations are meaningful. Figure 3 shows the
probability distribution function of the distance between the
analytes (PhR) and the surface in 20:80 (upper panel) and
50:50 MeOH/H2O mixtures (lower panel) sampled from 28
independent runs of 5 ns each and starting from different initial
positions z of the solute (ranging from 3 to 30 Å above the
silica surface). Independent of the chemical modification and

Figure 3. Left column: Surface-to-center of mass (COM) of PhR distance probability distribution function averaged over 140 ns of MD obtained
from 28 independent runs, 5 ns each, starting from different initial positions in both MeOH/H2O solvent mixtures, 20:80 (upper panels) and 50:50
(lower panels). The cumulative probability of each panel is represented as the inset. The inset at the top of the Figure illustrates a side view (yz
plane) of the starting structure after equilibration. The origin is at the position of the oxygen atoms of the silanol group on the surface. The average
extension of the alkyl chains is indicated by horizontal dashed lines (10 and 70 Å for 20:80 and 12 and 68 Å for 50:50 MeOH/H2O solvent mixtures,
respectively).54 Right column: Comparison of the free-energy profile from umbrella sampling simulations (solid line, see Figure 2) and from
evaluating G(z) = −kBT ln(P(z)) with P(z) from the left panels for PhCl (top) and PhCH3 (bottom).
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the starting position, the probe molecule typically prefers to
sample the stationary phase and not the solvent mixture. This is
consistent with the free-energy simulations (Figure 2) and was
previously linked to the roughness of the interface.55

Specifically, for the 20:80 mixture the ordering for the
probability of localization within the stationary phase parallels
the stabilities determined from the umbrella sampling
simulations. For the 50:50 mixture PhCH3 and PhH behave
similarly, as judged from the inset in Figure 3, whereas the
numerical data in Table 2 suggest that they differ by 0.4 kcal/
mol in favor of PhCH3. Furthermore, explicit computation of
G(z) = −kBT ln(P(z)) from the probability distribution
functions P(z) and comparison with the umbrella sampling
results (see right-hand column in Figure 3) establishes that
both the barriers at the surface and the overall stabilization
energy agree from using two very different computational
approaches. It appears, though, that the umbrella sampling
simulations yield a somewhat more structured G(z) profile than
G(z) from using P(z).
Depending on solvent composition, the analytes have

different propensities toward the surface. For 20:80 mixtures
the interaction is typically stronger; that is, the population close
to the surface is increased, whereas for 50:50 mixtures the
probe molecule is more loosely bound (see Table 1). As an
example, PhCH3 is localized at one surface for a 20:80 mixture,
whereas for 50:50 its interaction with either side of the
stationary phase is clearly diminished. Comparing the different
molecules in 20:80 solvent mixtures suggests that PhCl
intercalates almost permanently over the time scale considered,
whereas PhOH exchanges readily across the interface. This
suggests preferential adsorption of PhCl onto the surface based
on specific intermolecular interactions between the Cl atom
and the silanol oxygen atoms. Comparison of the 20:80 and
50:50 mixtures also suggests that access of water to the
stationary phase plays a role in reinforcing these intermolecular
interactions.
It has been proposed that retention correlates with the

relative polarity of the solute because the mechanism was
considered to be driven by hydrophobic interactions.36−38 Thus
more polar analytes are less stable in the hydrophobic
stationary phase. However, this does not apply to PhCl.
The molecular interpretation of these observations, specifi-

cally for PhCl, is aided by considering the electron density. A
covalently bonded Cl atom exhibits an anisotropic electrostatic
potential that is characterized by an accumulation of positive
charge along the X−Cl bond (the “sigma hole”) and a negative
density along the equatorial region.56−58 When close to the
surface, the Cl atom can interact with several silanol oxygen
atoms. However, upon detaching from the surface it engages in
interactions with the mobile phase oxygen atoms (water or
methanol oxygen atoms); see Figure 4A, which reports the
number of water (red), methanol (blue), and silica (green)
oxygen atoms within 4 Å of Cl during 5 ns of MD simulations
in a 20:80 MeOH/H2O mixture. This rationalizes the
functional role of the solvent even for regions deep within
the stationary phase. Figure 4B maps the projection of the C−
Cl bond orientation onto the xy plane for different z ranges and
shows how the C−Cl bond points toward the silica surface for z
< 6 Å. For larger z values, Cl interacts with the water- and
methanol-oxygen atoms, and thus the molecule is oriented
toward the mobile phase. In addition, the orientation angle
distribution P(θ) of PhCl relative to the silica surface is shown
as a function of the separation distance from the surface z in

Figure 4C. For z < 6 Å (red points), PhCl samples two well-
defined conformations corresponding to a halogen bond
between Cl and the O of the silanol and to a hydrogen bond
between Cl and the hydroxyl H of the silanol, respectively
(Figure 4C, inset). In other words, the analyte uses the Cl atom
as a double anchor,59 where the positive electrostatic potential

Figure 4. Structural dynamic properties of PhCl intercalation in 20:80
MeOH/H2O solvent composition. (A) Number of water (red),
methanol (blue), and silica (green) oxygen atoms within 4 Å of Cl
during 5 ns of MD simulation (starting from z = 3). (B) Projection of
the C−Cl bond onto the xy plane for different z ranges. The green
segments represent the C−Cl bond of PhCl and the dark-green dots
represent the Cl atom, to emphasize the orientation of the analyte. (C)
Scatter plot of the PhCl angle orientation θ as a function of the
separation distance from the surface z. θ is defined as the angle formed
between the C−Cl vector and the silica surface plane. Red and green
points corresponds to positions close to (z < 6 Å) and far from (z > 6
Å) the surface, respectively. The insets illustrate two orientations
where Cl interacts with the silica oxygen (left) and the silica hydrogen
(right).
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region along the C−Cl bond interacts with O of Si−OH and
the negative electrostatic region on the flanks interacts with H
of Si−OH. For z > 6 Å (green points) the C−Cl bond samples
a wider range of conformations.
Finally, the computed free-energy curves in Figure 2 provide

molecular-level insight into the retention mechanism. For a
purely adsorptive mechanism the free-energy curve should
exhibit a pronounced minimum close to the surface and decay
toward zero (desorption) over the extent of the stationary
phase (∼15 Å). On the contrary, for pure partitioning there
would be no minimum close to the surface but rather a broad
trough extending over several angstroms, followed by a raise
toward zero over the extent of the stationary phase (∼15 Å).
The computed free-energy curves establish that PhH in a 20:80
mixture exhibits a pronounced minimum close to the surface,
followed by a plateau extending over 5 Å and a raise toward 0.
Contrary to that, PhOH does not exhibit a minimum close to
the surface but rather consists of a sequence of local minima.
This would rather correspond to a compound that follows
partitioning. These free-energy curves support a model whereby
compounds explore either an equilibrium between partitioned
and desorbed state or coupled equilibria (adsorbed ↔
partitioned) ↔ desorbed. However, a purely adsorptive process
is not expected. This should also be included when considering
the development of more coarse grained models for
chromatography.
The present work uses a combination of accurate force fields

and free-energy simulations that provides the necessary
accuracy required to interpret experiments at a quantitative
level and eventually develop more effective, rapid scoring
techniques derived from molecular-level information. This is
comparable to the situation for in silico drug discovery60−62

where an ab initio prediction is also still the exception rather
than the rule. Such studies show that experimentally relevant
quantities in chromatography can be accurately computed with
current computer capabilities (statistical error <0.1 kcal/mol) if
energy functions are used that capture essential features of the
electrostatic distribution and correctly describe the solute−
solvent interactions by fitting the van der Waals parameters to
thermodynamic reference data. Standard point charge distribu-
tions derived along the same lines can, however, have errors
close to 1 kcal/mol.40 Moreover, based on atomistic
simulations it is possible to address questions related to
chemical specificity, as in the case of PhCl, for example,
purification of halogenated drug molecules.
In summary, a multiscale analysis of electronic-structure and

condensed-phase thermodynamics from MD simulations
provides an atomistically resolved picture of the retention
mechanism. Retention is either pure partitioning or adsorption
plus partitioning. Using validated, multipolar force fields,
desorption free energies can be accurately predicted to rank a
set of chemically related compounds. On the basis of this
information more coarse-grained models can be built in the
future, which will further speed up column design.
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